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SUMMARY 

This final technical report deals with the applica- 

tion of delta-modulation digitization techniques to the 

efficient transmission of image data. The report reviews 

the different forms of delta-modulators and compares 

them on the basis of performance and complexity, On the 

basis of these comparisons several types are recommended 

for experimental, high data rate, laboratory use. The 

report also includes an extensive bibliography on delta- 

modulation which includes the most recent studies of 

both United States and foreign origin, 
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I. INTRODUCTION 

1.1 Purpose of Study 

It i s  common p r a c t i c e  today t o  t r a n s m i t  t e l e v i s i o n  p i c t u r e s  

by analog means, This is  s o  f o r  bo th  commercial a p p l i c a t i o n  and 

f o r  c e r t a i n  government u se ,  such a s  t h e  t ransmiss ion  of c laud  

d a t a  from weather s a t e l l i t e s .  However, a s  technology advances 

and d i g i t a l  communications techniques  become more accep ted ,  t e l e -  

v i s i o n  w i l l  i n e v i t a b l y  be  t r a n s m i t t e d  by d i g i t a l  methods. This  

r e p o r t  is a  s tudy  of means of d i g i t i z i n g  t h e  analog v ideo  s i g n a l  

through t h e  u s e  of t h e  c l a s s  of systems known a s  feedback 

quan t i ze r s .  In  feedback q u a n t i z e r s ,  t h e  q u a n t i z e r  ou tpu t  i s ,  

i n  some manner, f e d  back t o  and compared wi th  t h e  input  s i g n a l .  

An e r r o r  s i g n a l  is  developed which i s  a  func t ion  of t h e  e r r o r  

between t h e  ( con t inuous )  input  s i g n a l  and t h e  ( d i s c r e t e )  quan- 

t i z e r  ou tpu t .  The a c t u a l  q u a n t i z e r  ou tpu t  i s  some f u n c t i o n  of 

t h i s  e r r o r  s i g n a l .  One of t h e  e a r l i e s t  forms of feedback quan- 

t i z e r  is  t h e  1-bit d e l t a  modulator,  developed i n  t h e  l a t e  1940 ' s .  

Since then ,  many o t h e r  feedback q u a n t i z e r s ,  bo th  1-bit and N - b i t ,  

have been developed.  While much of t h e  r e sea rch  on t h e s e  

dev ices  has  been concerned wi th  speech a p p l i c a t i o n s ,  we w i l l  

cons ider  them from t h e  po in t  of view of v ideo  processors .  

The t e l e v i s i o n  process ing  c h a i n  is shown i n  Fig .  1.1. The 

chain  s t a r t s  wi th  an o p t i c a l  s i g n a l  which is  generated by a  p i c -  

t u r e  source ,  and ends wi th  an o p t i c a l  s i g n a l  which is genera ted  

by a  p i c t u r e  d i s p l a y .  I n  order  t o  t r a n s m i t  t h e  o p t i c a l  source  

s i g n a l ,  i t  must f i r s t  be  converted i n t o  an e l e c t r i c a l  s i g n a l  by  

a  v ideo  sensor  such a s  a  vidicon,  The s i g n a l  i s ,  a t  t h i s  p o i n t ,  

analog.  I t  is next  encoded i n t o  a  s u i t a b l e  d i g i t a l  s i g n a l ,  

t y p i c a l l y  a  b i n a r y  da t a  stream, by a  d i g i t a l  modulator,  and t r a n s -  

mi t t ed  t o  t h e  r e c e i v e r  by a  RF Encoder-Channel-RF Decoder cha in .  

t h e  RF Decoder ou tpu t  i s  aga in  a  d i g i t a l  ( b i n a r y )  da t a  s t ream,  

which is  conver ted back t o  an ana log  s i g n a l  by a  d i g i t a l  demodu- 

l a t o r .  This  ana log  s i g n a l ,  which i s  hope fu l ly  a  c l o s e  r e p l i c a  

of t h e  o r i g i n a l  analog s i g n a l  from t h e  v ideo  senso r ,  d r i v e s  t h e  

p i c t u r e  d i s p i a y .  
1 





The p roces s  of d i g i t a l  modulation and demodulation can b e  

performed i n  many d i f f e r e n t  ways, The most s t r a igh t fo rward  of 

t h e s e  is  pu l se  code modulation,  o r  PCM, Unfor tuna te ly ,  PCM, 

a s  w i l l  b e  shown, i s  q u i t e  was t e fu l  of bandwidth. I n  a d d i t i o n ,  

i t s  implementation is i n  g e n e r a l  complex, Many d i f f e r e n t  means of 

reducing t h e  bandwidth of d i g i t a l  t e l e v i s i o n  have been performed 

i n  the  p a s t ,  wi th  t h e  r e s u l t s  be ing  of mixed q u a l i t y  and value.  

Some techniques  have been developed which reduce t h e  bandwidth by 

f a c t o r s  of f i v e  t o  t e n ,  b u t  t h e i r  iyp lementa t ions  a r e  a l s o  

complex and t h e  r e s u l t i n g  p i c t u r e s  of u n c e r t a i n  q u a l i t y ,  The 

purpose of t h i s  s tudy  i s  t o  cons ide r  an in t e rmed ia t e  c l a s s  of 

d i g i t a l  t e l e v i s i o n  systems,  having a  moderate amount of band- 

width c m p r e s s i o n  and s t i l l  r e t a i n i n g  a  s imple  implementation. 

I n  our s t u d y  we d e f i n e  t h r e e  such systems,  each of varying 

complexity. Depending on t h e  p a r t i c u l a r  system, t h e  bandwidth 

r equ i r ed  ranges from about t h e  same f o r  PCM t o  approximately 40 

percen t  of t h a t  r equ i r ed  f o r  PCM, t h a t  i s ,  up t o  a  2 - 5  bandwidth 

compression. 

1.2 Summary of R e s u l t s  

Chapter I1 provides  an i n t r o d u c t i o n  t o  t h e  d i g i t a l  t e l e v i s i o n  

problem, I n  t h i s  chap te r  we f i r s t  p r e sen t  t h e  random process  

which c h a r a c t e r i z e s  t h e  v ideo  s i g n a l .  I t  is shown t h a t  a  u s e f u l  

model i s  a  Gaussian random process  wi th  a  power spectrum g iven  by: 

The p i c t u r e  con ten t  and scanning technique  determine a and wo. 

We next i n t roduce  t h e  informat ion con ten t  of a  v ideo  p i c t u r e ,  

From r e c e n t  measurements of h igher  o rder  e n t r o p i e s  of a p i c t u r e ,  



t h i s  i s  e s t ima ted  t o  be i n  t h e  range of 1 b i t  per  p i c t u r e  element,  

S ince  a band-l imited s i g n a l  must be  sampled a t  a r a t e  of tw ice  t h e  

bandwidth, a  commercial t e l e v i s i o n  s i g n a l ,  having 4 ,5  MHz band- 

width would be sampled a t  a  9 Mbps r a t e .  Therefore  t h e  m i n i m u m  

b i t  r a t e  f o r  t r ansmis s ion  of a  commercial t e l e v i s i o n  s i g n a l  would 

a l s o  be  9 Mbps, A s  a  po in t  of r e f e r e n c e ,  it is shown t h a t  t h e  

q u a n t i z a t i o n  int roduced by PCM encoding is such t h a t  6  b i t  PCM 

i s  r equ i r ed  f o r  "good" t e l e v i s i o n  reproduct ion.  Good t e l e v i s i o n  

is def ined  a s  a nominal 28 dB RMS video- to-quant iz ing n o i s e  

power r a t i o ,  Thus PCM r e q u i r e s  a  b i t  r a t e  which is  s i x  t imes  

g r e a t e r  than i n d i c a t e d  by  in format ion  theo ry ,  

I n  Chapter  I11 we d e f i n e  and d i s c u s s  f i v e  types  of feedback 

q u a n t i z a t i o n  systems. They a r e  

- 1-bit  De l t a  Modulation 

N - b i t  Del ta  Modulation 

. 1-bit D i r e c t  Feedback Modulation 

. N - b i t  D i r e c t  Feedback Modulation 

. N-bit P r e d i c t i v e  Q u a n t i z a t i o n  

Block diagrams,  system ope ra t ion ,  and s igna l - to -no ise  r a t i o s  a r e  

presented f o r  each system, Both companded and non-companded 

systems a r e  considered.  It is shown t h a t  "good" t e l e v i s i o n  t r a n s -  

miss ion can b e  expected a t  b i t  r a t e s  ranging  from f a c t o r s  of 

4.5 t o  13  t imes  t h e  video bandwidth. I n  p a r t i c u l a r ,  28 dB RMS 

video  s igna l - to -no i se  r a t i o  i s  expected a t  t h e  fol lowing b i t  r a t e s  

f o r  commercial t e l e v i s i o n :  

1-bit Del ta  Modulation 6  56 x 10 bps  

N - b i t  De l ta  Modulation 
6  36 x 10 bps  

1-bit D i r e c t  Feedback -- No companding 
6  36 x 10 bps  

1-bit D i r e c t  Feedback -- Companding 
6  25 x  10 bps  

3-b i t  D i r e c t  Feedback -- No companding 
6  

32 x 10 bps  

3-b i t  D i r e c t  Feedback -- Companding 2 1  x l o 6  bps  

N - b i t  P r e d i c t i v e  Quan t i za t ion :  element 2 4  x l o 6  b p s  
feedback 

4 



Thus t h e  3-b i t  d i r e c t  feedback system w i t h  companding has  about  a  

f a c t o r  of two h ighe r  b i t  r a t e  t han  t h e  t h e o r e t i c a l  minimum, whi le  

1-bit d e l t a  modulation r e q u i r e s  about t h e  same b i t  r a t e  a s  does 

PCM, While t h e  b i t  r a t e s  l i s t e d  above i n d i c a t e  t h a t  N - b i t  sys-  

tems can be expected t o  outperform 1-bit systems,  t h e  implementa- 

t i o n  of an  N - b i t  q u a n t i z e r  and t h e  requirement  f o r  word-sync 

i n d i c a t e  t h a t  t h e  companded 1-bit d i r e c t  feedback system would 

make a  u s e f u l ,  low-bit r a t e  t e l e v i s i o n  t ransmiss ion  system, 

I n  Chapter  I V  w e  summarize t h e  performance of t h e  1-bit  and 

N - b i t  systems,  rank them i.n s u b j e c t i v e  o rde r ,  and cons ider  t h e  

problems involved i n  mu l t i p l ex ing  t h e  v a r i o u s  systems, Block 

diagrams of 1-bit d e l t a  and d i r e c t  feedback modulators and de- 

modulators a r e  g iven ,  a s  i s  a  b lock  diagram of a  proposed d i g i t a l  

compander. It is  es t imated  t h a t  t h e  1 b i t  systems can be  

operated a t  b i t  r a t e s  a s  h igh  a s  100 Mbps. The problems involved 

i n  mu l t i p l ex ing  t h e  modulators a r e  d i scus sed ,  and it i s  shown 

t h a t  time- o r  f requency mul t ip l ex ing  of t h e  d i g i t a l  ou tpu t s  of 

independent d i g i t a l  modulators is t h e  most reasonable  way t o  

m u l t i p l e x  d i f f e r e n t  t e l e v i s i o n  sources ,  Cons idera t ion  is a l s o  

given t o  t h e  mu l t i p l ex ing  of c o l o r  t e l e v i s i o n ;  t h r e e  ways of 

t r a n s m i t t i n g  c o l o r  s i g n a l s  a r e  p resen ted ,  

The r e p o r t  ends wi th  a  b ib l iog raphy  of papers  d e a l i n g  wi th  

t e l e v i s i o n  bandwidth compression and feedback q u a n t i z a t i o n  sys- 

tems. The t i m e  pe r iod  covered by t h i s  b ib l iog raphy  is 1951 t o  

1969. A l l  r e p o r t s  l i s t e d  can be found i n  t h e  open l i t e r a t u r e ,  

and r ep re sen t  l i t e r a t u r e  f r 3 m  f o r e i g n  a s  w e l l  a s  United S t a t e s  

research .  



11. REQUIREMENTS FOR AN EXPERIMENTAL SYSTEM 

I n  t h i s  chap te r  w e  w i l l  o u t l i n e  t h e  requirements  f o r  a  

d e l t a  modulation system t o  be used f o r  t e l e v i s i o n  exper iments ,  

The chap te r  is  d iv ided  i n t o  t h r e e  p a r t s .  They a re :  

2.1 The Video Process  

2.2 P i c t u r e  Entropy and Bandwidth Requirements 

2.3 Signal-to-Noise and Q u a n t i z a t i o n  

I n  2.3, w e  in t roduce  t h e  v ideo  p roces s  and describe 

i t s  c h a r a c t e r i s t i c s  i n  t h e  t i m e  and f requency domains. This  

is  necessary  f o r  an unders tanding of t h e  modulation and mul t i -  

p l e x  techniques  t o  be d i scussed  l a t e r  i n  t h e  r e p o r t .  

I n  2.2 t h e  en t ropy  of t h e  v ideo  p i c t u r e  is  in t roduced ,  and 

c u r r e n t  bandwidth reducing d i g i t a l  t echniques  descr ibed .  

I n  2.3 we in t roduce  t h e  va r ious  s igna l - to -no ise  c r i t e r i a  

which a r e  used wi th  t h e  v ideo  s i g n a l s ,  and summarize t h e  sub- 

j e c t i v e  e f f e c t s  which q u a n t i z e r s  produce on t h e  reproduced 

s igna 1. 

2.1 The Te lev i s ion  S i q n a l  

The t e l e v i s i o n  s i g n a l  is t h e  sum of two s i g n a l s  -- t h e  

v ideo  and t h e  synchroniza t ion  s i g n a l .  The synchron iza t ion  

s i g n a l  i s  d e t e r m i n i s t i c  and p e r i o d i c ,  and has  a  l i n e  spectrum 

i n  t h e  f requency domain, The v ideo  s i g n a l ,  on t h e  o t h e r  hand, 

is  random and can on ly  be descr ibed  by  s t a t i s t i c a l  terms. 

Thus, when d e s c r i b i n g  t h e  v ideo  s i g n a l ,  w e  t a l k  of i t s  auto-  

c o r r e l a t i o n  f u n c t i o n  and i ts  power spectrum. When it is  neces- 

s a r y  t o  d i s c u s s  t h e  complete t e l e v i s i o n  s i g n a l ,  t h a t  i s  t h e  



combined v i d e o  and t h e  sync s i g n a l s ,  t h e y  a r e  denoted a s  t h e  

composite s i g n a l ,  

The v ideo  s i g n a l  is made up o f - t h r e e  b a s i c  scans .  

They are 

a )  an  element scan ,  i . e . ,  a  s can  from element t o  
element a long  a l i n e  

b) a l i n e  scan  

c )  a  frame scan ,  

There a r e  c o r r e l a t i o n s  i n  a l l  t h r e e  scanning d i r e c t i o n s :  any 

p i c t u r e  element has  a t  l e a s t  one neighbor  i n  t h e  ho r i zon ta  1 and 

v e r t i c a l  d i r e c t i o n s ,  a s  w e l l  a s  i n  t i m e ,  Experimental  d a t a  

[Franks,  1966) Kretzmer, 1952; Der iug in ,  19571 i n d i c a t e  t h a t ,  

t o  a  f i r s t  approximat ion, these  c o r r e l a t i o n s  can be t aken  a s  

exponent ia l ,  and t h a t  t hey  can a l s o  be  considered t o  b e  i so -  

t r o p i c .  The o v e r a l l  c o r r e l a t i o n  f u n c t i o n  of t h e  v ideo  s i g n a l  

is  t h e  convolu t ion  of t h e  c o r r e l a t i o n  f u n c t i o n  of t h e  e lement ,  

l i n e ,  and frame s c a n s ,  and t h e  power spectrum of t h e  v ideo  

s i g n a l  is t h e  product  of t h e i r  s p e c t r a ,  The " t y p i c a l "  auto-  

c o r r e l a t i o n  f u n c t i o n  and power spectrum of t h e  v ideo  p roces s  

a r e  shown i n  F ig ,  2.1. The t h r e e  s t r u c t u r a l  components of t h e  

power spectrum should be  noted. The f i n e  s t m c t u r e  of t h e  

spectrum comes from t h e  frame scan ,  t h e  i n t e rmed ia t e  s t r u c t u r e  

comes from t h e  l ine-scan ,  and t h e  envelope s t r u c t u r e  comes 

from t h e  element-element scan. 

A s  was po in t ed  out  above, t h e  c o r r e l a t i o n  f u n c t i o n s  can,  

t o  a  f i r s t  approximation,  be  t aken  a s  exponent ia l .  Therefore  

t h e  envelope of t h e  power spectrum has  t h e  form: 

This envelope h a s ,  however, an  i n f i n i t e  bandwidth, whi le  v ideo  

s i g n a l s  a r e  conven t iona l ly  t runca t ed  a t  some maximum f requency  

Therefore  a u s e f u l  approximation t o  t h e  v ideo  spectrum is :  



POWER SPEC2 'RUM 

FIGURE 2 . 1  - y p i c a l  A u t o - C o r r e l a t i o n  F u n c t i o n  a n d  Fower Spectruc' 
o f  a j i d e o  S i g n a l  L F r a n k s .  1966', 

7 =- t i n ~ e  f o r  o n e  l i n e  s c a n  
19 - number ot l l n e s  p e r  f r a r i ~ e  



For commercial monochrome TV i n  t h e  United S t a t e s ,  f o  = 4.5 MHz, 

The composite t e l e v i s i o n  spectrum has  a corner  a t :  [ ~ ' ~ e a l ,  19661 
- -- - 

a = 0.068 f o  

Th i s  is  a nominal va lue  f o r  a ,  the va lue  of which w i l l ,  i n  gene ra l ,  

v a r y  w i t h  p i c t u r e  conten t .  

2,2 P i c t u r e  Entropy and Bandwidth Requirements* 

A measure of t h e  informat ion c o n t e n t ,  and t h e r e f o r e  t h e  

r equ i r ed  channel  c a p a c i t y ,  of a t e l e v i s i o n  p i c t u r e  i s  g iven  by 

i t s  c o n d i t i o n a l  entropy.  I f  t h e  v ideo  s i g n a l  were a Gaussian 

random process  w i th  an exponen t i a l  c o r r e l a t i o n  f u n c t i o n ,  t hen  

it would be  a f i r s t - o r d e r  Markov p roces s ,  and an  optimum pre-  

d i c t o r  would be  b u i l t  based on t h e  l a s t  sample value.  A mea- 

s u r e  of how c l o s e l y  t h i s  is s o  is  g iven  by t h e  h igher -order  

c o n d i t i o n a l  e n t r o p i e s .  If a l l  h igher-order  c o n d i t i o n a l  e n t r o p i e s  

a r e  equa l ,  t hen  t h e  p roces s  is f i r s t - o r d e r  Markov; if t h e  second 

and h igher  o r d e r  c o n d i t i o n a l  e n t r o p i e s  a r e  equa l ,  t hen  t h e  

p roces s  is  second-order Markov, e t c .  Measurements of t h e  

c o n d i t i o n a l  e n t r o p i e s  of v ideo  s i g n a l s  have been made by Schre iber  

[Schre iber ,  19561, and Limb, [Limb, 19681 ,' among o t h e r s ,  

Sch re ibe r  measured t h e  f i rs t  and second order  e n t r o p i e s  of 

"our l e a s t  complicated p i c t u r e ,  u s ing  a l i n e a r  s can  and found 

t h e  fo l lowing  en t rop ie s :  

* 
I t  should be noted that all entropy c a l c u l a t i o n s  which have' 
t h u s  f a r  appeared i n  the l i t e r a t u r e  have used o n l y  s ingle-f rame 
p i c t u r e s ,  



Meaaured P i c t u r e  Ent rop ies :  ~ i t s / e l e m e n t  

(from S c h r e i b e r )  

Limb measured f i r s t ,  second and t h i r d  o rde r  e n t r o p i e s  of 

p i c t u r e s  of vary ing  complexity u s ing  bo th  a  l i n e a r  and a  

r ec t angu la r  scan.  H e  found t h e  fo l lowing  e n t r o p i e s :  

Av. D e t a i l  2.87 2.24 1,82 

Av. D e t a i l  2.54 1 :99 1.66 

Low D e t a i l  1.33 1.04 0.94 

High D e t a i l  3.77 2,70 2-01 

Measured P i c t u r e  Ent rop ies :  Bits/element 
Rectangular  Sampling 

(from Limb] 

Av. D e t a i l  2.84 2,38 2-10 

Av. D e t a i l  2.49 1-96 1.66 

Low D e t a i l  1.31 0-99 0.97 

High D e t a i l  3.68 3.10 2.23 

Measured P i c t u r e  En t rop ie s :  ~ i t s / e l e m e n t  
Linear  Sampling 

(from Limb) 

Both Limb's and S c h r e i b e r ' s  d a t a  i n d i c a t e  t h a t  t h e  v ideo  process  

is  no t  a s imple  f i r s t - o r d e r  Markov process .  I n  a d d i t i o n ,  Limb's 

da t a  i n d i c a t e s  t h a t  i f  coding us ing  p a s t  samples is  t o  be used,  

t h e  prev ious  element and l i n e  p r e d i c t i o n  is marg ina l ly  s u p e r i o r  

t o  p rev ious  element p r e d i c t i o n ,  Limb's da t a  i n d i c a t e s  t h a t  a  

reasonable  va lue  of c o n d i t i o n a l  p i c t u r e  en t ropy  may be i n  t h e  

order  of 1 b i t / e l emen t ;  t h i s  i s  i n  agreement wi th  c u r r e n t  con- 

j ec tu re s  of Sch re ibe r  [Schre iber ,  1967). PCM t e l e v i s i o n  r e q u i r e s  



s i x  t o  e i g h t  b i t s  pe r  element i n  o rde r  t o  reduce contour ing  

t o  an a c c e p t a b l e  minimum [Roberts ,  19621, Thus, p e r f e c t  s t a t i s t i -  

c a l s o u r c e  codingmightprovideamaximumbandwidth reduc t ion  o f t h e  

order  of 6:1 r e l a t i v e  t o  PCM, The more advanced d e l t a  modula- 

t i o n  techniques  which we w i l l  d i s c u s s  i n  t h i s  r e p o r t  provide 

approximately a  2 ; f  o r  3:1 reduc t ion .  Redundancy r educ t ion  techniques  

a  g e n e r a l  d e s c r i p t i o n  of which is  g iven  by Ehrman, [Ehrman, 

19671, have been app l i ed  t o  t e l e v i s i o n  s i g n a l s   rapki kin, 1966; 

Hochman, e t ,  a l , ,  19671. The r epo r t ed  r e s u l t s  f o r  t h e s e  

a lgo r i t hmic  approaches y i e l d  compression r a t i o s  i n  t h e  order  

of 5:1, a l though it should be  po in ted  ou t  t h a t  t h e s e  techniques  

have not  been proven on commercial t y p e s  of t e l e v i s i o n  p i c t u r e s .  

Roberts  [ ~ o b e r t s ,  19621 h a s  shown t h a t  t h e  a d d i t i o n  of pseudo- 

random n o i s e  t o  a  d i g i t i z e d  p i c t u r e  b e f o r e  q u a n t i z a t i o n ,  and 

removal of t h e  same no i se  from t h e  p i c t u r e  a f t e r  recons t ruc-  

t i o n  of t h e  p i c t u r e  b reaks  up t h e  quan t i z ing  n o i s e  and produces 

s u b j e c t i v e l y  accep tab le  p i c t u r e s  wi th  3 b i t  PCM, Thus t h e  

no ise  a d d i t i o n  technique r e s u l t s  i n  a  2:1 compression r a t i o .  

Bis ignani  and h i s  a s s o c i a t e s  [Bis ignani ,  e t ,  a l , ,  19661 have 

developed two coding techniques ,  t h e  improved gray  s c a l e  and 

coarse- f ine  PCM, bpth of which r e s u l t  i n  good p i c t u r e s  wi th  3 

b i t  PCM, By apply ing  redundancy removal techniques  t o  t h e  

coarse- f ine  PCM, t h e y  have achieved good p i c t u r e s  wi th  a  

t y p i c a l  5: 1 bandwidth reduc t ion  [ ~ i s i g n a n i ,  e t ,  a l ,  , 19671, 

Savings can be achieved by u t i l i z i n g  frame-to-frame redundancies ,  

Manasse, i n  a  technique c a l l e d  d i r e c t i o n a l  c o r r e l a t i o n ,  

[Manasse, 19673, u se s  3-77 b i t s /e lement  t o  t r a n s m i t  an equiv- 

a l e n t  8 b i t  PCM p i c t u r e ,  t h u s  r e s u l t i n g  i n  a  2 : 1  reduc t ion .  

Mounts [Mounts, 19691, has shown e x c e l l e n t  motion p i c t u r e s  

wi th  a  1 b i t / e lement  r a t e  i n  a  system which uses  frame-to-frame 

redundancy remova 1 techniques.  



To summarize all of the techniques, the current state of 

delta modulation is that it provides a 2:1 to 3:1 bandwidth 

reduction relative to PCM with simple implementation, Other 

techniques, while providing larger compressions, require signif- 

icantly more sophisticated implementation. 

2.3 Siqnal-to-Noise Ratios and Quantization 

In speaking of signal-to-noise ratio in regard to tele- 

vision, one must be careful to define the signal under discussion 

[OINeal, 1966). Three signals are used in practice, These are 

. peak-to-peak composite signal 

. RMS composite signal 

. RMS video signal. 
The conversions between these are shown below: 

Siqnal Type Relative Level 

peak-to-peak composite signal +11,6 dB 

RMS composite signal 0 dB 

peak-to-peak video signal +2.8 dB 

RMS video signal -5.8 dB 

As long as the signal-to-noise ratio of the sync signal is 

sufficiently high to maintain synchronization, it is meaningful 

to consider only the RMS video signal-to-noise ratio. Typically 

"good" pictures require a '35 dB peak-to-peak video signal-to- 

noise ratios [ ~chreiber, 19671, For 6 bit PCM, using the assumption 
of4-sigmaloading, theRMS video signal-to-quantization noise ratio 

is approximately 29 dB. The above table shows that this corres- 

ponds to approximately a 38 dB peak-to-peak video signal-to-noise 

ratio* which can be considered to be a "good" quality picture. 

Discussions of subjective effects of video noise can be found in 

Huang, et. al, , [Huang, 19671 ; ~rown [~rown, 19671 ; and Brainard 
[~rainard, 19671, among others. 

It is necessary to realize that the eye reacts differently 

to different types of noise. OeNeal [01~ea1,1966], points out 

that in delta modulation quantizing noise subjectively appears 

* 
(peak-to-peak video SNR) - (RMS video SNR) = 2.8 dB - (-5.8 d ~ )  

1 2 



a s  g r a i n y  n o i s e ,  s l o p e  over load ,  con tour ing ,  and edge busyness ,  

Each appears  d i f f e r e n t  t o  t h e  eye,  and b y  proper des ign  of t h e  

d e l t a  modulator f i l t e r s ,  t h e  s u b j e c t i v e  e f f e c t s  can be  optimized.  

This  i s  t h e  reason t h a t  Rober ts  is a b l e  t o  u t i l i z e  3 -b i t  PCM and 

s t i l l  r e t a i n  good p i c t u r e  q u a l i t y .  



111. CLASSIFICATION OF DELTA MODULATION SYSTEMS 

D z l t a  m o d u l a t i o n ,  a s  o r i g i n a l l y  d e v e l o p e d ,  was a  method of  

t r d n q m i t t i n q  a n a l o g  d a t a  b y  means o f  a  o n e - b i t  code .  I t  f i r s t  

a p p e a r s  i n  t h e  Wes te rn  l i t e r a t u r e  i n  a  1946 F r e n c h  p a t e n t  of 

D e l d r d i n e  e t ,  a l ,  [ D e l o r a i n e ,  19461.  The f i r s t  o c c u r r e n c e  of 

t h e  t e c h n i q u e  i n  t h e  E n g l i s h  l a n g u a g e  l i t e r a t u r e ,  a s  f a r  a s  t h e  

a u t h o r s  of  t h i s  r e p o r t  c a n  a s c e r t a i n ,  w e r e  d e J a g e r l s  1952 

pape r  i n  t h e  P h i l l i p s  R e s e a r c h  R e p o r t  [ d e J a g e r ,  19521 and t h e  

pape r  by S c h o u t e n ,  d e J a q e r ,  and G r e e f k e s  i n  t h e  same y e a r  

I 'Sch \ \~ i ten  e t  . a l ,  , 19523. Accord ing  t o  Menshikov [Menshikov, 

1 9 r  t -  1, i n  1948 Korobkov, i n  t h e  U.S.S.R., i n d e p e n d e n t l y  deve loped  

d e l t a  m o d u l a t i o n .  I n  t h e  i n t e r v e n i n g  y e a r s ,  many fo rms  of d e l t a  

m o d u l a t i o n  have  e v o l v e d .  Among t h e s e  a r e :  

N - b i t  d e l t a  m o d u l a t i o n  
Companded d e l t a  modu la t ion  
D i r e c t  f e e d b a c k  d e l t a  m o d u l a t i o n  
S t a t i s t i c a l  d e l t a  m o d u l a t i o n  

I n  t h i s  c h a p t e r  w e  w i l l  f i r s t  i n t r o d u c e  t h e  c o n v e n t i o n a l ,  

o n e - b i t  d e l t a  m o d u l a t o r  and d e s c r i b e  i t s  o p e r a t i n g  p r i n c i p l e s  and 

s o u r c e s  o f  n o i s e .  W e  w i l l  t h e n  d i s c u s s  t h e  s y s t e m s  which have  

e v c l v e d  from i t ,  and d e s c r i b e  t h e i r  o p e r a t i n g  p r i n c i p l e s  and 

s o u r c e s  of  e r r o r ,  W e  end t h e  c h a p t e r  w i t h  a  d i s c u s s i o n  of  t h e  

e x p e r i m e n t a l  d a t a  a v a i l a b l e  i n  t h e  l i t e r a t u r e  c o n c e r n i n g  t h e  

o p e r a t i o n  o f  t h e s e  v a r i o u s  sys t ems  w i t h  t e l e v i s i o n  i n p u t  s i g n a l s ,  

3 .2  C o n v e n t i o n a l  D e l t a  Modu la t ion  

3.2.1 D e s c r i p t i o n  of C o n v e n t i o n a l  D e l t a  Modu la t ion  

l 'he b l o c k  d i ag ram of a  c o n v e n t i o n a l  d e l t a  m o d u l a t i o n  sys t em 

i s  shown i n  F i g .  3 .1 .  I t  is  s e e n  t o  c o n s i s t  o f  two p a r t s ,  t h e  

modu la to r  and t h e  demodil la tor .  The p u r p o s e  of t h e  modu la to r  is 

t o  t r c ~ n s f o r m  t h e  a n a l o q  i n p u t  s i g n a l ,  x ( t ) ,  i n t o  t h e  synchronous  

31 l i t a l  s i g n a l  i s ( t k )  1. I t  d o e s  t h i s  i n  t h e  f o l l o w i n g  manner.  



MODULATOR 

C H A N N E L  

x( t>  Sampler +s( tk) 

y (  t)  
One-bit 
Q u a n t i z e r  

DEMODULATOR P' 

L I n t e g r a t o r  
C 

Fig .  3.1 Conventional  Del ta  Modulator 

at,) I n t e g r a t o r  > %t)  



An analog s i g n a l  y ( t )  is developed by  i n t e g r a t i n g  t h e  

[ s ( t k ) ]  b i t  stream. An e r r o r  s i g n a l ,  e ( t ) ,  is developed by  

s u b t r a c t i n g  y ( t )  from x ( t ) .  This  e r r o r  s i g n a l  i s  then  used a s  

t h e  input  t o  a  one-bit  q u a n t i z e r ,  t h e  ou tpu t  of which is +k i f  

e ( t )  i s  g r e a t e r  t han  zero ,  and -k i f  e ( t )  is l e s s  t han  z e r o ,  

The parameter k  is denoted a s  t h e  s t e p  s i z e  of t h e  d e l t a  

modulator. A t  t ime i n t e r v a l s  T, corresponding t o  a  sampling 

f requency f  E 1 / ~ ,  t h e  q u a n t i z e r  ou tpu t  i s  sampled; t h e s e  
S 

samples form t h e  t r ansmi t t ed  s t ream [ s ( t k ) ) ,  

If we cons ide r  t h e  convent iona l  d e l t a  modulator a s  a  

feedback system, it i s  i n t u i t i v e l y  obvious t h a t  t h e  loop  t r ies  

t o  d r i v e  t he  e r r o r  s i g n a l  e ( t )  t o  z e r o ,  Thus y ( t ) ,  t h e  i n t e -  

g r a t o r  ou tpu t ,  should be  s i m i l a r  t o  x ( t ) ,  t h e  input  s i g n a l .  

The modulator ou tpu t ,  [ s ( t k ) ]  i s  t r ansmi t t ed  through a  

channel  and rece ived  a s  [ S ( t  ) I ,  Pas s ing  t h e  received s i g n a l  k  
through an i n t e g r a t o r  r e s u l t s  i n  t h e  analog s i g n a l  $ ( t ) ,  which, 

i n  t h e  absence of channel  e r r o r s ,  i s  i d e n t i c a l  t o  y( t )  , 

The d e l t a  modulator no i se  i s  conven t iona l ly  cons idered  t o  

be  made up of two components, g r a n u l a r  no i se ,  N and s l o p e  
9 ' 

overload n o i s e ,  No' Granular  no i se  is  due t o  t h e  f a c t  t h a t  

y ( t )  is  cons t r a ined  t o  be  i n t e g r a l  m u l t i p l e s  of t h e  s t e p  s i z e ,  k,  

I n  o rde r  t o  dec rease  t h e  g ranu la r  n o i s e ,  k  must be  decreased ,  

Slope overload n o i s e ,  on t h e  o the r  hand, is due t o  t h e  f a c t  t h a t  

i f  t h e  sampling i n t e r v a l  i s  7 ,  t h e  maximum s lope  which t h e  d e l t a  

modulator can fo l low is k ~ .  Thus, i f  t h e  input  s i g n a l  is a s i n e  

wave of f requency f and ampli tude A ,  s l o p e  overload w i l l  occur 

i f :  

I f  t h e  input  is  a  zero-mean Gaussian random process  of power 0 
2  

and RMS bandwidth f e ,  then  t h e  RMS s l o p e  of y ( t )  is 2naf e '  I f  

a  cond i t i on  known a s  4 sigma load ing  i s  used,  i . e , ,  t h e  maximum 

s l o p e  i s  taken  t o  be  fou r  t imes t h e  RMS s lope ,  then k ~  should 

be chosen s o  t h a t  



It is ev iden t  t h a t ,  i f  t h e  sampling r a t e  is  he ld  c o n s t a n t ,  

a  too-small va lue  of k w i l l  r e s u l t  i n  an output  dominated by  

overload n o i s e ,  whi le  a too- la rge  va lue  of k w i l l  r e s u l t  i n  an  

output  dominated by  g ranu la r  no ise .  Thus, far  any given 

input  s i g n a l  t h e r e  is an optimum v a l u e  of k which w i l l  r e s u l t  

i n  minimum d e l t a  modulator no ise .  I n  t h e  nex t  s e c t i o n  w e  s h a l l  

examine t h e s e  r e l a t i o n s h i p s  i n  d e t a i l ,  

3 -2.2 Performance of Conventional  Del ta  Modulatoz 

3,2,2.1 Granular  Noise 

The e a r l y  s t u d i e s  of d e l t a  modulation q u a n t i z a t i o n  n o i s e  

considered on ly  s i n u s o i d a l  input  s i g n a l s .  I n  deJager  s o r i g i n a l  

work [deJager ,  19521, it was shown t h a t  i f  t h e  baseband is  band 

l i m i t e d  t o  a f requency  f o ,  and t h e  t r a n s m i t t e d  s i g n a l  is  a 

s i n u s o i d a l  s i g n a l  of frequency f ,  t hen  a t  s l o p e  overload t h e  

s igna l - to -no ise  g ranu la r  no i se  power i n  t h e  r econs t ruc t ed  

s i g n a l  is  approximately  given by: 

More exac t  a n a l y s i s  of t h e  g ranu la r  n o i s e ,  based on t h e  

input  s i g n a l  be ing  a zero-mean Gaussian random p roces s ,  have 

been performed b y  VandeWeg [~andeweg,  19531 and Goodman [Goodman, 

19691, among o the r s .  Goodman's r e s u l t s  reduce t o  Chose of VandeWeg 

f o r  R ,  t h e  d e l t a  modulator bandwidth expansion r a t i o ,  g r e a t e r  

t han  4 ,  R i s t h e  r a t i o  of t h e  sampling r a t e  t o  t h e  Nyquist r a t e ,  

and i s  given by: 

I n  terms of R ,  d e J a g e r t s  s igna l - to -quant iz ing  r a t i o  becomes: 

It is necessary ,  i n  t a l k i n g  about t h e  random p roces s ,  t o  d e f i n e  

t h e  f u r t h e r  parameters :  
17 



S ( f )  = power spectrum of x ( t )  

w 

o2 = Sxx(f)df = mean-square power of x ( t )  

0 = k/a = normalized s t e p  s i z e  

2  o  p ( = )  = a u t o  covar iance f u n c t i o n  of x ( t ) ,  

F = f s / f e  = normalized sampling r a t e  

Under t h e  assumption of 40 s l o p e  load ing ,  i . e .  

then  t h e  g ranu la r  no i se  i s  equal  t o :  [Goodman, $9697 

1 
rn s i n  ( y )  -, 

N 4 = E C Q o + 2  E Q~ I i 
n=I (F) A 2 

where 

2  2 1 
2 2  

- 
Qo - 

64n {$ + g exp - r F  - k 7) 
F2 k=1 rr k L 32 i 

and 

w 
12802 

2 2 2  
- C mk eXp r- !- ( 128 +m ).I, inh ~ZJ  - F~ k = l  m = l  

where 



This  formulat ion of granular  no i se  is q u i t e  complex, Goodman 

has  computed N f o r  x ( t )  being white ,  band-limited, Gaussian 
g 

noise ,  and presented t h e  r e s u l t s  i n  g raph ica l  form. [Goodman, 

19691. From it t h e  f ollawing asymptotic s ignal- to-granular  

noise  r e l a t i o n s  can be derived: 

It should be remembered t h a t  t h e s e  r e s u l t s  a r e  f o r  4 sigma loading. 

I n  an independent a n a l y s i s ,  Abate [Abate, 19671 has  der ived  

t h e  asymptotic s lopes  f o r  t h e  granular  noise: 

where S i s  a s lope  loading f a c t o r  def ined by: 

For a f l a t ,  band l imi ted  Gaussian process ,  S is equal  t o  

,,/? k R/V, Thus t h e  signal-to-granular noise  i n  dB is ,  f o r  t h e  

f l a t  Gaussian process:  

For 4 sigma loading. k i s  equal  t o  8nfe/fs. Therefore: 

19 



JS 8feR 
S = F ; 4 sigma loading 

- But R = fs/(2fo), and for a flat band-limited process, fe - 

fo/,,/T. Therefore: 

8 f f 
= 45--9 2- - 4  ; 4 sigma loading 

J5 fs 2fo 

Therefore, for a Gaussian process with a flat, band-limited 

spectrum, and 4 sigma loading, Abate's result is: 

which results in a signal-to-granular noise ratio of : 

which is essentially the same as Goodman's result for R > 4 ,  It 

should be noted that Abate's asymptotes provide a good fit to 

experimental data of OINeal's [O'Neal 19661. 

3.2.2.2 Slope Overload Noise 

Slope overload noise, as previously noted, occurs from the 

inability of the delta modulator to track rapid changes in input 

signal amplitude. Zetterberg [~etterberg, 19551, performed the 

first analysis of slope overload noise of a delta modulator with 

a random process input signal. An approximate analysis of slope 

overload noise, based on a third moment expansion of the random 

process, was performed by O'Neal and Rice in 1966. [ol~eal, 19661. 

Their results, however, did not agree with overload noise found by 

simulation in the limit as the step size became very small, 

Protonotarios [~rotonotarios, 19671 re-examined Zetterberg's work 

and determined a conceptual error in it. Using Zetterberg's 

technique, but with the error corrected, he arrived at a new 



formula t ion  f o r  s l o p e  overload no i se  which provides  an  extremely 

good f i t  t o  t h e  exper imental  d a t a  of 0 8 N e a l e  H i s  r e s u l t  is  

t h a t  No, t h e  s l o p e  overload n o i s e ,  is  g iven  by: 

where 

This  express ion  i s ,  aga in ,  q u i t e  complicated.  Abate [Abate, 19671 

has  a r r i v e d  a t  a  much s impler  express ion  f o r  t h e  s l o p e  overload 

n o i s e  which aga in  prov ides  a  good f i t  t o  O ' N e a l l s  d a t a .  This  is: 

For a  band-l imited whi te  Gaussian p roces s ,  No is equa l  t o :  



~ h u s  t h e  s ignal- to-over load n o i s e  is ,  f o r  a  f l a t  Gaussian p r o c e s s &  

(a) = 0.1 + 7.15kR 101Og10 (1 + k ~ )  
0 

For kR > 1, t h i s  is  approximately:  

( '. 7.15kR - 2.1 - ~OloglOkR dB. 
0 

3  -2.2.3 Conventional  Del ta  Modulation Siqnal-to-Noise R a t i o  

F igure  3,2 shows t h e  RMS s igna l - to -no ise  r a t i o  f o r  a  convent ional  

d e l t a  modulation system, us ing  t h e  asymptot ic  equa t ions  of Abate 

f o r  a  f l a t ,  band-l imited Gaussian process .  For a  t e l e v i s i o n  v ideo  

s i g n a l ,  t h e  same curves  apply  i f  11 dB is added t o  t h e  s igna l - to -  

no i se  r a t i o  s c a l e  and t h e  abc i s sa  va lues  a r e  m u l t i p l i e d  by  7,* 

Since  "good" t e l e v i s i o n  r e q u i r e s  about  a  28 dB RMS s igna l - to -  

no i se  r a t i o ,  a  d e l t a  modulator must b e  run  a t  a  minimum of R = 8 

f o r  t e l e v i s i o n  t ransmiss ion .  The t y p i c a l  d e l t a  modulation char-  

a c t e r i s t i c s  a r e  shown a s  fol lows.  The abc i s sa  is t h e  parameter 

kR, whi le  t h e  f ami ly  of curves  a r e  f o r  R equa l  a  c o n s t a n t ,  

Thus, f o r  a  g iven  va lue  of kR, an i n c r e a s e  i n  R r e q u i r e s  an  

inve r se  dec rease  i n  k. Therefore ,  a s  R i nc reases  and kR i s  he ld  

c o n s t a n t ,  t h e  system w i l l  e v e n t u a l l y  be  i n  t h e  reg ion  of s l o p e  

over load.  The locus  of t h e s e  p o i n t s  i s  given by t h e  le f t -hand  

curve marked " s lope  overload region."  I f  t h e  system is opera ted  

t o  t h e  r i g h t  of t h i s  l ocus ,  g r anu la r  no i se  becomes t h e  l i m i t i n g  

f a c t o r .  

From Fig .  3.2 it is  seen t h a t  one of t h e  p r i n c i p a l  weak- 

nesses  of d e l t a  modulation is t h e  r e l a t i v e l y  narrow maximum i n  

t h e  s igna l - to -no ise  r a t i o .  I n  o rder  t o  f l a t t e n  out  t h e  maximum 

reg ion ,  va r ious  types  of companding have been developed f o r  d e l t a  

mcdulation systems.  
We next  d i s c u s s  them. 

3.3 Var i ab l e  S t e p  Delta Modulation 

I n  o rde r  t o  i nc rease  t h e  ope ra t ing  range of d e l t a  modulators,  

companding, i n  t h e  form of a  v a r i a t i o n  of t h e  b a s i c  t r a n s m i t t e d  

s i g n a l ,  has  been t r i e d  by  many d i f f e r e n t  r e sea rche r s .  Among t h e  

* 
See equa t ions  i n  Sec t ions  3 .2 .2 .1  and 3 ,2 .2 .2 , a l so  F igs .  6 -  11 
i n  [Abate, 19671. 2 2  



Delta Modulation 

S/N in dB 

Step Size x Bandwidth Expansion Factor kR 

Fig. 3.2 Delta Modulation RMS Signal-to-Noise Ratio as a Function 
of Step Size and Sampling Rate. Uniform, Band-Limited 
Gaussian Input Signal.  o or television video signal, add 
11 dB to ordinate and multiply abcissa by 7 . )  
[ ~ e f .  Abate, 19671. 



techniqueswhich have been t r i e d  a r e  vary ing  t h e  s t e p  

ampli tude cont inuous ly ,  vary ing  t h e  s t e p  ampli tude d i s c r e t e l y ,  

and varying t h e  du ty  c y c l e  between 1 ' s  and -1's a s  w e l l  a s  

varying t h e  s t e p  s i z e ,  

I n  1963 deJager  and Greefkes,  [ d e ~ a g e r ,  19631 demonstrated 

a speech system which t h e y  c a l l e d  "cont inuous d e l t a  m o d ~ l a t i o n , ~  

i n  which a  DC b i a s ,  de r ived  from t h e  t r a n s m i t t e d  b i t  s t ream,  

was used t o  develop a  DC b i a s  which was a  f u n c t i o n  of t h e  i n p u t  

s i g n a l  ampli tude,  This  b i a s  was then  used t o  bo th  va ry  t h e  

ampli tude of t h e  s t e p  i n  t h e  feedback loop,  and change t h e  r a t i o  

of 1 ' s  t o  -1's i n  t h e  t r a n s m i t t e d  s i g n a l .  Another ve ra ion  of 

t h i s  system was r epo r t ed  by  Greefkes and deJager  i n  1968 

[Greefkes,  19681, i n  which they  claimed t h a t  20 dB v a r i a t i o n s  

i n  t h e  speech inpu t  s i g n a l  l e v e l  could e a s i l y  be  t o l e r a t e d  

wi th  t h e i r  system, 

- - - - -  - - -- - . - --  

Tomozawa and Kaneko [Tomozawa, 19681, have descr ibed  a deLta 

modulation system, a l s o  designed f o r  speech,  i n  which t h e  s t e p  

ampli tude is  c o n t i n u a l l y  changed b u t  t h e  1:-1 r a t i o  is  k e p t  

cons t an t  a t  u n i t y ,  They c la im a  dynamic range of 45 dB f o r  a  

25 dB s igna l - to -no ise  r a t i o ,  and 35 dB f o r  a  30 dB s igna l - to -no ise  

r a t i o ,  a t  56 KHz sampling r a t e  and a  0 ,8  KHz tone.  B r o l i n  and 

Brown [ B ~ o l i n ,  19681, have publ ished r e s u l t s  on a  speech system 

i n  which an a u x i l i a r y  b i t  stream i s  used t o  c a r r y  t h e  companding 

informat ion;  t h e i r  system, which a l s o  has  a  con t inuous ly  v a r i a b l e  

s t e p  s i z e ,  r e s u l t s  i n  a 26 dB companding range. 

Winkler [Winkler, 1963, and Winkler 19651 has  developed 

a  system which he  named "high in format ion  d e l t a  modulat ion,"  o r  

HIDM, i n  which t h e  s t e p  s i z e  i s  changed i n  a  d i s c r e t e  f a s h i o n  

us ing  an  a lgor i thm which is based on t h e  t r a n s m i t t e d  b i t  stream. 

I n  HIDM, the b a s i c  p u l s e  ampli tude is  taken a s  1, If two s e q u e n t i a l  

p u l s e s  of t h e  same p o l a r i t y  a r e  t r a n s m i t t e d  t h e  nex t  feedback 

p u l s e  ampli tude i s  2, If t h r e e  p u l s e s  of t h e  same p o l a r i t y  a r e  
3 

t r a n s m i t t e d ,  t h e  next  feedback p u l s e  ampli tude i s  2- ,  I n  g e n e r a l ,  



i f  N p u l s e s  of the  same p o l a r i t y  are  t r a n s m i t t e 0 ,  t h e  nex t  

feedback p u l s e  ampli tude is 2N-1a F i n a l l y ,  when t h e  t r a n s -  

mi t t ed  p u l s e  r e v e r s e s  p o l a r i t y ,  t h e  nex t  feedback p u l s e  is  

reduced i n  magnitude by  a  f a c t o r  of 2. Thus, i n  princd-ple,  

HIDM has  a  sma l l  s t e p  s i z e  t o  reduce g r a n u l a r  no i se ,  b u t  can 

s t i l l  r e a l i z e  a  low s l o p e  overload n o i s e  by means of t h e  

v a r i a b l e  s t e p  s i z e .  Abate [Abate, 19671 h a s  i n v e s t i g a t e d  d e l t a  

modulation systems i n  which t h e  s t e p  s i z e s  change bo th  l i n e a r l y  

and e x p o n e n t i a l l y  [ t h e  exponent ia l  be ing  s i m i l a r  t o  HIDMI, 

and shown t h a t  good performance r e s u l t s  when t h e r e  a r e  f o u r  

p o s s i b l e  s t e p  s i z e s ,  wi th  l i n e a r  increments outperforming 

exponent ia l  increments.  A s  expected,  i f  Kn i s  t h e  r a t i o  of 

t h e  maximum t o  t h e  minimum s t e p  s i z e ,  t h e  s i g n a l  range is  in-  

creased by 20 l o g  K ' t h i s  f a c t o r  is termed t h e  companding 10 n '  

range,  Abate a l s o  shows t h a t  i f  t h e  minimum s i g n a l  power is S 

and t h e  maximum s i g n a l  power is  S2,  t hen  

and t h e  minimum s t e p  s i z e ,  k ,  should b e  chosen a s :  

I s 
where, a s  b e f o r e ,  f e  i s  t h e  RMS s i g n a l  bandwidth, 

F igu re  3.3 shows the  RMS s igne l - to -no ise  r a t i o  bounds of a  

d e l t a  modulator for  va r ious  va lues  of Kn. The input  s i g n a l  i s ,  

a s  i n  Fig .  3.2, a  band-l imited whi te  Gaussian process ,  The 

f i g u r e  i s  f o r  f o u r  va lues  of companding, i . e , ,  K = 1 , 2 , 4 ,  and 8 ,  n  
and two sampling r a t e s ,  i , e . ,  R = 8 and 64, The va lue  Kn = 1 

corresponds t o  convent ional  d e l t a  modulation, The a c t i o n  of t h e  

companding i s  seen t o  i nc rease  t h e  s i g n a l  range over which t h e  

s igna l - to -no ise  r a t i o  i s  a  maximum; it does n o t ,  however, i nc rease  

t h e  maximum va lue  over t h a t  of a  convent iona l  d e l t a  modulator 

wi th  s t e p  s i z e  k. Again, f o r  a  t e l e v i s i o n  v ideo  s i g n a l ,  add 11 dB 

t o  t h e  RMS SNR s c a l e  and mul t ip ly  t h e  abc i s sa  by 7, (See  f o o t n o t e  

on page 2 2 , )  

25 
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One of t h e  most fundamental,  and g e n e r a l  t echniques  f o r  

vary ing  s t e p  s i z e ,  which inc ludes  t h e  prev ious ly  descr ibed  systems 

a s  s p e c i a l  c a s e s ,  i s  i n  t h e  s t a t i s t i c a l  d e l t a  modulation (SDM) 

system developed by Fine [ ~ i n e ~  1964, Fine 9968, U . S .  P a t e n t  No, 

3,393,3643. I n  t h i s  approach t h e  ou tpu t  of t h e  d e l t a  modulator 

feedback which i s  s e n t  t o  comparator i s  determined by t h e  p a t t e r n  

of d i g i t a l  d a t a  which has p rev ious ly  been t r ansmi t t ed .  The feed-  

back l e v e l s  a s s o c i a t e d  wi th  p a r t i c u l a r  p a t t e r n s  a r e  determined by 

t h e  s t a t i s t i c s  of t h e  da t a  be ing  processed.  A t  p r e s e n t ,  t h i s  sys-  

tem has no t  been b u i l t ,  however a s imula t ion  s tudy  has been per-  

formed [ ~ ~ l l o ,  Lincoln,  Gish, 1967 1 which i n d i c a t e s  t h e  ~ o s s i b i l i t y  

of a s u b s t a n t i a l  improvement i n  performance over convent iona l  d e l t a  

modulation. 

It is p o s s i b l e  t o  make f u r t h e r  improvements i n  t h e  performance 

of d e l t a  modulation systems by changing t h e  feedback network and 

in t roduc ing  pre-emphasis. Techniques such a s  t h e s e  w i l l  be d i s -  

cussed nex t ,  

3 - 4  Di rec t  Feedback Del ta  Modulation 

The d e l t a  modulators d i scussed  up t o  t h i s  po in t  a l l  have a 

f i l t e r  network i n  t h e  feedback loop,  It was r e a l i z e d  e a r l y  i n  
t h e  development of d e l t a  modulation t h a t  o the r  c o n f i g u r a t i o n s  

might r e s u l t  i n  improved performance, I n  1961, Inose ,  Tagaki 

and Murakami, [Inose,1961] developed what t hey  c a l l e d  delta-sigma 

( A - C )  modulation,  This  technique has  s i n c e  been e x t e n s i v e l y  s tud ied  
[ Inose  1962, Inose  1963, Johnson, 19681, Inose,  working under 

t h e  erroneous idea  t h a t  d e l t a  modulation could not  be used t o  

t r a n s m i t  a DC l e v e l ,  decided t h a t  t h e  input  s i g n a l  should be 

i n t e g r a t e d  be fo re  be ing  app l i ed  t o  t h e  d e l t a  modulator, The 
r e s u l t i n g  modulator is shown i n  Fig.  3.4a. However, t h e  combina- 

t i o n  of t h e  i n t e g r a t o r  before  t h e  modulator,  and t h e  i n t e g r a t o r  
i n  t h e  feedback loop is equ iva l en t  t o  having on ly  an  i n t e g r a t o r  

i n  t h e  forward loop  before  t h e  q u a n t i z e r .  This l e a d s  t o  t h e  

r e a l i z a t i o n  of Fig.  3,4b, which is  t h e  s tandard  A-C modulator,  

Bra inard ,  i n  1967 [Brainard,  19671 suggested a v a r i a t i o n  of 
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(b)  P r a c t i c a l  A-C Modulator 

Fig.  3.4 A-C Modulators 



Fig ,  3,4a, des igned f o r  t e l e v i s i o n  t r ansmis s ion ,  i n  which t h e  

i n t e g r a t o r s  were rep laced  b y  two d i f f e r e n t  networks. Further 

work on t h i s  d e v i c e  was repor ted  i n  1966 b y  Brainard and Candy 

rBrainard,  19693. This  system, c a l l e d  a  d i r e c t  feedback 

coder ,  i s  shown i n  Fig .  3.5. I n  Fig.  3.5 t h e  coder may be  

an N b i t  q u a n t i z e r ;  t h e  decoders i n  t h e  modulator feedback loop 

and a t  t h e  i npu t  t o  t h e  demodulator s e r v e  a s  d ig i t a l - t o -ana log  

conve r t e r s .  The swi tches  shown i n  t h e  f i g u r e  are used t o  i s o l a t e  

d i f f e r e n t  p o r t i o n s  of t h e  c i r c u i t  du r ing  t h e  t r a n s i e n t  i n t e r v a l s  

when q u a n t i z a t i o n  i s  be ing  performed i n  t h e  coder,  and d i g i t a l - t o -  
ana logconvers ion  is  be ing  performed i n  t h e  decoder. The b lock  

labe led  l 'accumulating ampl i f i e r "  is  e f f e c t i v e l y  an i n t e g r a t i o n  

c i r c u i t .  The f i l t e r  HI ,  is a  pre-emphasis network, w i th  t r a n s f e r  

func t ion :  

H ~ ( ~ w )  = ( a  + jw)h, 

where h  is  an a r b i t r a r y  g a i n  f a c t o r .  The recommended va lue  f o r  

-1 a = 3(2nfL)  seconds , 

where f L  is  t h e  l i n e  frequency of t h e  t e l e v i s i o n  p i c t u r e .  The 

r e c e i v e r  f i l t e r ,  H2, i s  H j )  The s t e p  s i z e  o f t h e  coder ,  k, 

can b e  optimized i n  accordance wi th  t h e  p i c t u r e  con ten t .  However, 

it has  been experimentally'determined t h a t  i f  t h e  v o l t a g e  inc re -  

ment between t h e  b l a c k  and whi te  v o l t a g e  l e v e l s  is  U v o l t s ,  t hen  

a  reasonable  cho ice  f o r  t h e  s t e p  s i z e  k  is: 

hUf 
k g -  

2  
O v o l t s  , 

I n  video systems,  t h e  black-white d i f f e r e n c e  is usual ly* i n  t h e  

order  of 0 . 6 ~  CFink, 1957, p 11-52]. S ince  f o  is  4.5 MHz, k  

would b e  approximately  1.35 h  x 10 v o l t s ,  Thus t h e  f i l t e r  g a i n  

f a c t o r ,  h ,  w i l l  be i n  t h e  order  of 0.75 x  s o  t h a t  k can be  

i n  t h e  order  of one v o l t ,  This r e s u l t s  i n  

* Nat iona l  Te l ev i s ion  Systems Committee Standard. 
29 



(a) Direct Feedback Modulator 

(b) Direct Feedback Demodulator 

Fig. 3 , 5  Direct Feedback Coder 



The s igna l - to -granula r  n o i s e  r a t i o  of a d i r e c t  feedback 

coder is g iven  by [Brainard,  19693 

where V ( W )  i s  t h e  v o l t a g e  spectrum of t h e  input  s i g n a l  and No(m) 

i s  t h e  v o l t a g e  spectrum of t h e  q u a n t i z a t i o n  no ise .  This  can 

be  shown t o  be  approximately equa l  t o :  

C U 

( s / N I g  = 7 2  * [/z f: v(,.)2 s i n  (u/2fS)da 
d 

For a f l a t  s i g n a l  spectrum: 

and 

Therefore ,  f o r  R > 1: 



This  is approximately 10 dB g r e a t e r  t h a n  t h e  s igna l - to -  

g ranu la r  n o i s e  r a t i o  of a  convent iona l  d e l t a  modulator,  c o r r e s -  

ponding t o  a  f a c t o r  of 2.2 sampling r a t e  reduc t ion ,  

S i m i l a r l y ,  f o r  t h e  commercial TV spectrum, t h e  composite 
spectrum is g iven  by ( s e e  d i s c u s s i o n  i n  page 7 ) :  

and 

L L J ,,Ic + . 
( s / N ) g  =" 

L 7 2  
4 [ SUO s i n  2f 1 dto I 
3vfs 0 s w , + w  J 

W Since  s i n  _IY_ < - , 
2fs  2 fs  

For commercial TV,  wo/mc 30n, r e s u l t i n g  i n  

( s / N ) ~  E 16 + 30 loglOR dB.  (RMS composite s i g n a l )  

S ince  t h e  RMS v i d e o  s i g n a l  i s  about 6 dB lower than t h e  RMS 

composite s i g n a l ,  



(RMS video s i g n a l )  

Thus "good" t e l e v i s i o n ,  i , e ,  ( S / N )  27 dB, can be expected 
g 

a t  a  r a t e  of about  4. 

I n  F ig .  11 of [Brainard and Candy, 19691, a  comparison i s  

shown between an  o r i g i n a l  p i c t u r e  and two processed v e r s i o n s  of 

it, one being processed by  a  d i r e c t  feedback modulator and t h e  

o t h e r  by a  convent iona l  d e l t a  modulator,  The r a t e ,  R ,  was 2 ,5  

i n  bo th  c a s e r ,  There was a  s i g n i f i c a n t  amount of g r a n u l a r  n o i s e  

i n  t h e  d e l t a  modulator p i c t u r e ,  whi le  t h e  d i r e c t  modulator 

p i c t u r e  was s i g n i f i c a n t l y  b e t t e r ,  w i th  t h e  g ranu la r  no i se  be ing  

b a r e l y  p e r c e p t i b l e .  

A f u r t h e r  improvement i n  t h e  d i r e c t  feedback coder was 

r epo r t ed  by Bosworth and Candy [Bosworth, 19691, who a p p l i e d  a  

v a r i a b l e  s t e p  s i z e  technique t o  a  d i r e c t  feedback coder.  I n  

t h e i r  system, t h e  r e l a t i v e  weights were 1 , 1 , 2 , 3 , 5  .... 5 ,  t h a t  

is ,  weights  were changed on ly  a f t e r  two succes s ive  t r a n s m i t t e d  

b i t s  of t h e  same p o l a r i t y .  When a  s t r i n g  of s i m i l a r  b i t s  ended, 

t h e  weight was r e tu rned  t o  un i ty .  S u b j e c t i v e  measurements on a  

t e l e v i s i o n  p i c t u r e  a t  a  r a t e  R = 3.15 showed a  companding g a i n  

of about 10 dB and a  s igna l - to -no ise  improvement of 5  dB r e l a t i v e  

t o  a  f i x e d  s t e p  s i z e  system. S ince  t h e  s igna l - to -no ise  r a t i o  
3 goes a s  R , a  5  dB inc rease  i n  s igna l - to -no ise  r a t i o  imp l i e s  t h a t  

t h e  sampling r a t e  can be decreased by a  f a c t o r  of 1.45 f o r  t h e  

same q u a l i t y  p i c t u r e .  The peak signal-to-RMS no i se  r a t i o  a t  

R = 3.15 was i n  t h e  order  of 45 t o  50 dB; t h i s  corresponds t o  an 

RMS s igna l - to -no i se  r a t i o  of t h e  o rde r  of 34 t o  39 dB. S ince ,  

from Fig.  3 .2 ,  a  convent iona l  d e l t a  modulator would have t o  

ope ra t e  a t  a  r a t e  of about 16 t o  provide t h e  same s igna l - to -  

n o i s e  r a t i o ,  t h e  1 b i t  v a r i a b l e  s t e p  s i z e  d i r e c t  feedback coder 

p rov ides  about a  f a c t o r  of 4 r educ t ion  i n  b i t  r a t e  r e l a t i v e  t o  a  

1 b i t  d e l t a  modulator f o r  t h i s  q u a l i t y ,  

I n  t h e  nex t  s e c t i o n  we w i l l  d i s c u s s  t h e  f ami ly  of N b i t  

feedback q u a n t i z e r  systems. 



N - b i t  feedback q u a n t i z e r  systems can be  considered t o  be 

d e l t a  modulation systems which u t i l i z e  N - b i t  i n s t e a d  of  1 b i t  

q u a n t i z e r s .  A s  such,  t h e  d i f f e r e n t  c l a s s e s  of 1 b i t  systems 

which have been d i scussed  can be  f i t  i n t o  equiva len t  N - b i t  

systems, The p r i n c i p a l  advantage of N b i t  systems over 1 b i t  

systems i s  t h a t  t h e  q u a n t i z e r  can have,  s imul taneously ,  a smal l  

q u a n t i z a t i o n  s t e p  f o r  mainta ining a  low g ranu la r  n o i s e  l e v e l ,  

and a  l a r g e  q u a n t i z a t i o n  s t e p  f o r  main ta in ing  a  smal l  s l o p e  

over load no i se  l e v e l .  Remm [Remm, 19661, f o r  example, inves-  

t i g a t e d  a  two-bit  system, i n  which t h e  smal l  s t e p  was 1 4  and 

the  l a r g e  s t e p  was 115 ,  r e l a t i v e  t o  a 6 p i t  PCM which h a s  a  

+32 range,  I n  o rde r  t o  ach ieve  good performance, a  sampling - 
r a t e  R equa l  t o  2  was exper imenta l ly  found t o  be r e q u i r e d ;  a s  

each sample c o n t a i n s  two b i t s  t h i s  is a  h igher  b i t  r a t e  t han  

i s  r equ i r ed  by t h e  d i r e c t  feedback systems discussed p r e v i o u s l y ,  

a l though it i s  s u p e r i o r  t o  1 b i t  d e l t a  modulation. 

The t h e o r e t i c a l  performance of N - b i t  feedback q u a n t i z e r  

systems has  been s tud ied  by  O'Neal [O'Neal, 1966, 19673, and 

McDonald [McDonald, 19661, around o t h e r s ,  They have c a l l e d  

t h e s e  systems d i f f e r e n t i a l  pu l se  code modulation systems,  o r  

DPCM, and have shown t h a t  t h e  s igna l - to -granula r  n o i s e  r a t i o  

of an N b i t  system is  approximately:  

whe r e  : 

o2 = input  p rocess  power 

2  
Oe = q u a n t i z e r  input  p rocess  power, 

If an i n t e g r a t o r  i s  used a s  t h e  feedback f i l t e r ,  t hen  



where pi i s  t h e  c o r r e l a t i o n  c o e f f i c i e n t  between succes s ive  

samples of t h e  input  process .  This  r e s u l t s  i n :  

1. 
i s  t y p i c a l l y  0.9 t o  0.97. T h i s  should be  compared w i t h  40 

loaded PCM, f o r  which [ O ' ~ e a l ,  19661; 

Thus t h e  e f f e c t  of s i g n a l  c o r r e l a t i o n  is t o  i nc rease  t h e  s i g n a l -  

to -no ise  r a t i o  of a  DPCM system, o r ,  a l t e r n a t i v e l y ,  t o  a l l ow a  

lower sampling r a t e  f o r  t h e  same s igna l - to -no ise  r a t i o .  

The above equa t ions  f o r  DPCM performance a r e  approximat ions  

which a r e  good f o r  N 2 3. For N equa l  t o  1, DPCM and convent iona l  

delta-modulation a r e  equ iva l en t ,  For N = 2 ,  exper imental  r e s u l t s  

i n d i c a t e  t h a t  DPCM provides  s u p e r i o r  t e l e v i s i o n  p i c t u r e s  t han  

does f i x e d  s t e p - s i z e  d e l t a  modulation,  

Brown [ ~ r o w n ,  1969) has  b u i l t  a  3 b i t  d i rec t - feedback  coder 

which has  e f f e c t i v e l y  7  b i t  r e s o l u t i o n  through combining a  

coa r se - f ine  technique  reminiscent  of t h e  work of Bis ignani  

[Bis ignani ,  19661 wi th  a  d i r e c t  feedback coder.  This is ,  i n  

e f f e c t ,  a  companded 3  b i t  system, A t  a  r a t e  of 1, i.e., 3 b i t s  

pe r  Nyguist i n t e r v a l  p i c t u r e s  w i th  47 dB t o  54 dB peak s i g n a l -  

to-noise-RMS n o i s e  were produced, This  i s  perhaps 5 dB better 

than  t h e  companded 1 b i t  d i r e c t  feedback coder of Bosworth and 

Candy, which, r an  a t  t h e  r a t e  of 3.15 b i t s  per  Nyguist i n t e r v a l ,  

The implementation would seem, however, t o  be more complex, 

With t h i s  s e c t i o n  a s  background, i n  t h e  next  s e c t i o n  w e  

d i  scuss  l i n e a r  p r e d i c t i v e  feedback q u a n t i z a t i o n  systems. These 

a r e  t h e  most gene ra l  c l a s s  of d e l t a  modulation systems,  and can 

be considered t o  con ta in  a l l  t h e  prev ious  systems a s  s u b s e t s .  

3 -6  P r e d i c t i v e  Feedback Quan t i za t ion  Systems 

P r e d i c t i v e  feedback q u a n t i z a t i o n  systems a r e  perhaps  t h e  

most g e n e r a l  of a l l  of t h e  d e l t a  modulation systems. F i n e ,  i n  



1964 [ ~ i n e ,  19641 [Fine ,  1968, U , S ,  Patent  Na, 3:393 ,3681  ana lyzed  

t h e  optimum a n a l o g - t o - d i g i t a l - t o - a n a l o g  convers ion  sys tem,  and 

showed t h a t  it c o u l d  be modeled as a d e l t a  modulator w i t h  a non- 

l i n e a r  p r e d i c t o r  i n  t h e  feedback  loop.  H i s  f o r m u l a t i o n  of t h e  

problem a l lowed f o r  N - b i t  q u a n t i z a t i o n ,  A brief d e s c r i p t i o n  of  

t h i s  sys tem,  o f t e n  r e f e r r e d  t o  a s  a s t a t i s t i c a l  d e l t a  modula tor  

i s  g iven  i n  S e c t i o n  3.3. F i n e ' s  work was c a r r i e d  f u r t h e r  by B e l l o ,  

e t  a 1  [ E e l l o ,  19671,  who examined t h e  problem of g e n e r a t i n g  t h e  

non- l inea r  p r e d i c t o r ,  and p r e s e n t e d  t h e  r e s u l t s  of sys tem s imula-  

t i o n  on c e r t a i n  random p r o c e s s .  Gish  [ ~ i s h ,  19671, f e e l i n g  t h a t  

t h e  s t r u c t u r a l  problems invo lved  i n  t h e  g e n e r a l  n o n - l i n e a r  problem 

were s u f f i c i e n t l y  complex t o  make a  p r a c t i c a l  r e a l i z a t i o n  of  t h e  

sys tem u n l i k e l y ,  s t u d i e d  t h e  problem of  optimum l i n e a r  q u a n t i z e d  

feedback  systems.  F u r t h e r  work, e s p e c i a l l y  w i t h  r e g a r d  t o  

t e l e v i s i o n ,  h a s  been  r e p o r t e d  by o t h e r  r e s e a r c h e r s ,  among which 

w e  should  p o i n t  o u t  0 8 N e a l  [ ~ ' ~ e a l ,  19661. 

The l i n e a r  p r e d i c t i v e  feedback sys tems a r e  c h a r a c t e r i z e d  

by  t h e i r  f eedback  networks.  S p e c i f i c a l l y ,  i f  t h e  i n p u t  s i g n a l  

sequence [s,), t h e n  t h e  o u t p u t  of the  l i n e a r  p r e d i c t i v e  network 

i s  

A t y p i c a l  implementa t ion  of a  p r e d i c t i v e  q u a n t i z a t i o n  modula tor  

i s  shown i n  Fig .  3.6, [O'Neal,  1966) I n  t h i s  implementa t ion  

t h e  q u a n t i z e r  i n p u t  i s  t h e  d i f f e r e n c e  between t h e  i n p u t  s i g n a l  
A 

sample Sn and t h e  q u a n t i z e d  feedback e s t i m a t e ,  Sn. There fo re  
A 

Sn can b e  e s t i m a t e d  b y  adding Sn t o  t h e  q u a n t i z e r  o u t p u t ,  a s  i s  

shown i n  t h e  f i g u r e .  The Di a r e  a n a l o g  d e l a y  l i n e s ,  one of 

which i s  r e q u i r e d  f o r  each c o e f f i c i e n t  i n  t h e  p r e d i c t o r .  It 

shou ld  b e  no ted  t h a t  i n  p r i n c i p a l  t h e  d e l a y s  can  have  a n y  v a l u e .  

For example, a  t h r e e - d e l a y  system c a n  be p o s t u l a t e d ,  i n  which 

D c x r e s p o n d s  t o  a  d e l a y  of  one e l e m e n t ,  D t o  a  d e l a y  of one 
1 2 

l i n e ,  and D3 t o  a  d e l a y  of one frame.  It shou ld  f u r t h e r  be 





noted t h a t  i f  o n l y  one de l ay ,  corresponding t o  t h e  prev ious  

e lement ,  i s  used,  and i f  A1 i s  s e t  equa l  t o  u n i t y ,  t hen  t h e  

s y s t e n i r e d u c e s t o  a  d e l t a  modulator w i th  an i d e a l  i n t e g r a t o r  

i n  t h e  feedback loop,  Returning t o  t h e  gene ra l  c a s e ,  t h e  

p r e d i c t i o n  is based on t h e  prev ious  K samples, and t h e  p r e d i c t o r  

is c h a r a c t e r i z e d  by  t h e  K c o e f f i c i e n t s  (ak); k = 1,2 . . . K. 

Gish [Gish, 19671 has  shown how t o  d e r i v e  t h e  optimum c o e f f i c i e n t  

va lues  f o r  a  minimum mean-square e r r a r  system t ak ing  i n t o  account 

t he  quan t i ze r  n o n - l i n e a r i t y ,  and has  t h u s  t h e  most g e n e r a l  r e s u l t s ,  

OINeal [ ~ ' ~ e a l ,  19661, u s ing  a l i n e a r i z e d  quan t i ze r  model, app l i ed  

l i n e a r  p r e d i c t i o n  theo ry  t o  show t h a t  t h e  approximately optimum 

feedback network is given by t h e  s o l u t i o n  t o  t h e  K s imul taneous 

equat ions  : 

where R i j  
i s  t h e  covar iance of t h e  input  s i g n a l  a t  t ime i n t e r v a l  

( i - j ) / f s .  The {a 1 a r e  then found by so lv ing  t h e  s e t  of equa t ions .  k  
For t h e  s p e c i a l  c a s e  of S ( t )  be ing  a  f  i r s t - o r d e r  Markov p r o c e s s ,  

* 
t h e  s o l u t i o n  w i l l  b e  a  = R /R - 1 01 00 

a  = a3 ... aK = 0 .  Thus, 
2 

f o r  t h i s  s p e c i a l  c a s e ,  t h e  optimum l i n e a r  p r e d i c t o r  w i l l  s imply 

be  based on t h e  l a s t  input  s i g n a l  sample: 

In  g e n e r a l ,  however, t h e  input  s i g n a l  is  not  f i r s t - o r d e r  Markov. 

L i m b  [Limb, 19661 found by s imu la t ion  of t e l e v i s i o n  systems t h a t  

previous-sample p r e d i c t i v e  systems were improved on ly  about 2 o r  

3 dB by inc lud ing  a  previous  l i n e  p r e d i c t i o n  i n t o  t h e  feedback 

system; based on measurements made by Kretzmen [Kretzmen, 1952) 

and Deriugin  [ ~ e r i u g i n ,  19571, even a  smal le r  improvement may be 

achieved by  us ing  prev ious  frame feedback.  I n  O t N e a l f s  simula- 

t i o n s ,  it was found t h a t  t h e  au tocovar iance  of 1 b i t  d e l t a  modu- 

l a t i o n  q u a n t i z i n g  no i se  requi red  two l a g s  t o  be e s s e n t i a l l y  un- 

c o r r e l a t e d ;  t h e  no i se  frame h igher  o rde r  quan t i ze r s  became 

uncor re l a t ed  a f t e r  one l a g ,  



T h i s  conc ludes  t h e  p r e s e n t a t i o n  of t h e  b a s i c  modula t ion  

sys tems.  I n  t h e  n e x t  c h a p t e r  w e  p r e s e n t  a  comparison of t h e i r  

performance,  and c o n s i d e r  c e r t a i n  system a s p e c t s  f o r  1 and N- 

b i t  modula tors .  



I V .  SYSTEM COMPARISONS 

I n  t h i s  chap te r  we compare t h e  va r ious  d e l t a  modulation 

systems of Chapter  3,  and show t h e  t r a d e o f f s  between them, W e  

cons ider  t h e  systems i n  t h e  con tex t  of t h e  t e l e v i s i o n  process-  

ing  cha in  shown i n  F ig ,  1.1. W e  assume an analog p i c t u r e  

source  a s  an inpu t  t o  an analog v ideo  senso r ,  e.g. a  v id icon ,  

The video ou tpu t  i s  a  composite v ideo  s i g n a l ,  i , e , ,  t h e  p i c -  

t u r e  v ideo  p l u s  t h e  synchroniza t ion  s i g n a l s .  We w i l l  cons ide r  

v ideo  bandwidths of 1 MHz t o  2 0  M H z ,  The v ideo  is i n p u t t e d  

t o  t h e  d i g i t a l  modulator,  t h e  ou tpu t  of which is a  b i n a r y  

d a t a  s t ream,  This  s t ream i s  s u i t a b l y  encoded f o r  RF t r a n s -  

miss ion ,  s e n t  through t h e  t r ansmis s ion  channel ,  and decoded 

a t  t h e  r e c e i v e r ,  The decoded b i t  s t ream i s  inpu t t ed  t o  t h e  

d i g i t a l  demodulator, t h e  analog ou tpu t  of which is  t h e  composite 

v ideo  s i g n a l ;  t h i s  is d i sp layed  on an a p p r o p r i a t e  v ideo  d i s -  

p l a y  device .  

I n  our comparison we w i l l  cons ide r  t h e  f i v e  fo l lowing  

systems: 

1 B i t  De l ta  Modulation 

1 B i t  D i r e c t  Feedback Modulation 

N B i t  Del ta  Modulation 

. N B i t  D i r ec t  Feedback Modulation 

P r e d i c t i v e  Q u a n t i z a t i o n  

I n  t h e  system comparisons we w i l l  cons ider :  

Dynamic Range 

S ignal-to-Noise Ra t io  

Synchronizat ion 

Companding 

Types of Q u a n t i z a t i o n  

Sampling Rate 

Complexity 

Mul t ip lex ing  

Cost 



We beg in  by  summarizing t h e  ope ra t ion  of t h e  f i v e  

systems,  Th i s  is shown i n  t a b u l a r  form i n  Table 4-1, Taking 

a l l  f a c t o r s  i n t o  cons ide ra t ion ,  t h e  recommended system i s  

a  one-bit  d i r e c t  feedback modulator,  This is followed b y  t h e  

t h r e e - b i t  d i r e c t  feedback and t h e  t h r e e - b i t  d e l t a  modulator,  

The one-bi t  d e l t a  comes i n  n e x t - t o - l a s t ,  and t h e  N-bit p r ed i c -  

t i v e  q u a n t i z e r  is l a s t ,  The p r e d i c t i v e  q u a n t i z e r  i s  s o  ranked 

because t h e  i n c r e a s e  i n  i t s  performance over t h e  t h r e e - b i t  

d e l t a  modulator is probably not  equa l  t o  t h e  i nc rease  i n  i ts  

complexity,  The r e l a t i v e  rankings  of t h e  one-bit  d e l t a  and 

t h e  t h r e e - b i t  d i r e c t  feedback system could be  in terchanged i f  

t he  u s e r  f e l t  t h a t  t h e  p o s s i b l e  factor-of- two inc rease  i n  b i t  

r a t e  was warranted by t h e  s i m p l i c i t y  of t h e  system, 

In  t h e  remainder of t h i s  chap te r  we w i l l  show t h e  f a c t o r s  

which led  t o  Table 4-1. 

4.1 System Summaries 

4.1.1 Modulator Summary 

The b lock  diagrams of t h e  f i v e  systems have been shown 

i n  d e t a i l  i n  Chapter  3. F igu re  4.1 summarizes t h e  system 

a t o r s ,  I t  is  seen t h a t  t h e  N-bit and 1-bit  modulators 

A given type : 1 -e,, delta and d i rec t - feedback  modulators)  

t h e  same kllock diagrams. I n  implementat ion t h e y  d i f f e r  

on ly  by t h e  forward loop q u a n t i z e r  and feedback loop c o n v e r t e r  

r equ i r ed ,  For 1 b i t  systems, t h e  q u a n t i z e r  can be  a  s imple  

l i m i t e r ;  f o r  N - b i t  systems, t h e  q u a n t i z e r  must be  a  more 

complicated N - b i t  ampli tude quant i z e r  and ana log - to -d ig i t a l  

conve r t e r ,  The feedback loop f o r  t h e  N - b i t  systems r e q u i r e s  

a  d ig i t a l - t o -ana log  conve r t e r ,  s o  t h a t  t h e  feedback s i g n a l  can  

be  s u b t r a c t e d  from t h e  input s i g n a l .  I n  t h e  1 b i t  systems t h i s  

ccnve r t e r  can b e  omit ted,  

A comparison of F igures  4 , l ( a )  and ( c )  shows t h e  c l o s e  

r e l a t i o n  between a  delta-modulator and a  p r e d i c t i v e  q u a n t i z e r ,  

I f  t h e  c i r c u i t r y  i n  t h e  dashed box of 4 , 1 ( c )  is considered a s  



T
a
b
l
e
 4
-
1
 

S
Y
S
T
E
M
 C
O
M
P
A
R
I
S
O
N
 

1
 B
i
t
 
D
e
l
t
a
 

N
-
B
i
t
 

1
-
B
i
t
 

3
-
B
i
t
 

P
r
e
d
i
c
t
i
v
e
 

D
i
r
e
c
t
 
F
e
e
d
b
a
c
k
 

N
-
B
i
t
 
D
e
l
t
a
 

D
i
r
e
c
t
 
F
e
e
d
b
a
c
k
 
Q
u
a
n
t
i
z
a
t
i
o
n
 

S
i
g
n
a
l
-
t
o
-
N
o
i
s
e
 

R
a
t
i
o
 
(
d
~
)
 1"
 

N
o
 
c
o
m
p
a
n
d
i
n
g
 

3
 +

 
3
0
 
l
o
g
l
O
R
 

1
0
 
+

 
3
0
 l
o
g
 
R
 

5.
8 

+
 
6
N
 
2
*
 

1
2
+
3
0
l
o
g
 
R
 

5
-
8
 +

 
6
N
 3

* 
W
i
t
h
 
c
o
m
p
a
n
d
i
n
g
 

3
 +

 
3
0
 
l
o
g
l
O
R
 

1
5
 

+
 
3
0
 
 lo

g::
^ 

1
7
 
+

 
3
0
 
lo

g 
lo

^ 
1
0
 

C
o
m
p
l
 e
x
i
t
 y
 

L
e
a
s
t
 
C
o
m
p
l
e
x
 

I
n
t
e
r
m
e
d
i
a
t
e
 C
o
m
p
l
e
x
i
t
y
 

I ~
o
s
t
 
~o
rn
pl
.e
,:
 

B
i
t
 
R
a
t
e
 
f
o
r
 

"
G
o
o
d
"
 4
.5
 
M
H
z
 

T
V
 P
i
c
t
u
.
r
e
 

S
y
n
c
h
 

R
e
q
u
i
r
e
m
.
e
n
t
 s
 

N
o
 
c
o
m
p
a
n
d
i
n
g
 

6
 

5
6
 
x
 
1
0
 
b
p
s
 

6
 

3
6
 x
 
l
o
6
 
b
p
s
 

R
e
c
o
m
m
e
n
d
e
d
 

C
o
m
p
a
n
d
i
n
g
 

T
e
c
h
n
i
q
u
e
s
 

6
 

3
6
 
x
 
1
0
 
b
p
s
 

6
 

3
2
 
x
 1
0
6
 
b
p
s
 

3
6
 x
 1
0
 6
 b
p
s
 .; 

R
e
c
o
m
m
e
n
d
e
d
 

M
u
l
t
i
p
l
e
x
i
n
g
 

T
e
c
h
n
i
q
u
e
s
 

W
i
t
h
 
c
o
m
p
a
n
d
i
n
g
 

u
n
k
n
o
w
n
 

5
*
 

2
5
 
x
 
1
0
 

2
1
 
x
 1
0
 

E
s
t
i
m
a
t
e
d
 

M
a
x
i
m
u
m
 
B
i
t
 
R
a
t
e
 

S
y
s
t
e
m
 
R
a
n
k
i
n
g
 :
 

1
 
i
s
 
l
o
n
g
e
s
t
,
 

8
 i
s
 l
o
w
e
s
t
 

N
o
 
c
o
m
p
a
n
d
i
n
g
 

7
 

W
i
t
h
 
c
o
m
p
a
n
d
i
n
g
 

6
 b
i
t
 
s
y
n
c
h
 r
e
q
u
i
r
e
d
 
o
n
l
y
 
i
f
 

b
i
t
 
a
n
d
 
w
o
r
d
 
s
y
n
c
h
 
r
e
q
u
i
r
e
d
 
f
o
r
 a
l
l
 
s
y
s
t
e
m
s
 

c
o
m
p
a
n
d
i
n
g
 
i
s
 u
s
e
d
 

D
i
g
i
t
a
l
 
o
p
e
r
a
t
i
n
g
 
o
f
f
 
t
h
e
 
t
r
a
n
s
m
i
t
t
e
d
 
b
i
t
 
s
t
r
e
a
m
 

M
u
l
t
i
p
l
e
x
i
n
g
 t
o
 b
e
 
p
e
r
f
o
r
m
e
d
 
o
n
 
o
u
t
p
u
t
s
 o
f
 m
o
d
u
l
a
t
o
r
s
 

I
n
v
e
s
t
i
g
a
t
i
o
n
 o
f
 
t
e
c
h
n
i
q
u
e
s
 
f
o
r
 m
u
l
t
i
p
l
e
x
i
n
g
 
o
f
 
c
o
l
o
r
 
s
i
g
n
a
l
s
 

N
o
t
e
 
1
:
 
S
i
g
n
a
l
-
t
o
-
N
o
i
s
e
 r
a
t
i
o
 
i
s
 
R
M
S
 
v
i
d
e
o
-
t
o
-
g
r
a
n
u
l
a
r
 n
o
i
s
e
 p
o
w
e
r
 
r
a
t
i
o
 

N
o
t
e
 
2
:
 
N
-
B
i
t
 
D
e
l
t
a
 
a
s
s
u
m
e
d
 
t
o
 b
e
 
s
a
m
e
 a
s
 N
 b
i
t
 
P
r
e
d
i
c
t
i
v
e
 q
u
a
n
t
i
z
a
t
i
o
n
 w
i
t
h
 
p
r
e
v
i
o
u
s
 
e
l
e
m
e
n
t
 
f
e
e
d
b
a
c
k
 

N
o
t
e
 
3
:
 
P
r
e
d
i
c
t
i
v
e
 Q
u
a
n
t
i
z
a
t
i
o
n
 m
a
y
 
h
a
v
e
 =

 5
 d
B
 h
i
g
h
e
r
 
S
N
R
 
i
f
 
p
r
e
v
i
o
u
s
 
l
i
n
e
 a
n
d
 
p
r
e
v
i
o
u
s
 
f
r
a
m
e
 f
e
e
d
b
a
c
k
 

i
s
 u
s
e
d
 

6
 

N
o
t
e
 
4
:
 
I
f
 p
r
e
v
i
o
u
s
 
l
i
n
e
 a
n
d
 
f
r
a
m
e
 p
r
e
d
i
c
t
i
o
n
 
i
s
 u
s
e
d
,
 m
a
y
 
b
e
 
2
4
 x
 
1
0
 
b
p
s
.
 

N
o
t
e
 
5
:
 
T
h
e
 o
n
l
y
 
r
e
s
u
l
t
s
 a
v
a
i
l
a
b
l
e
 a
r
e
 t
h
o
s
e
 
o
f
  

 b
at
e[
] 
w
h
o
 
o
b
t
a
i
n
e
d
 v
e
r
y
 
l
i
t
t
l
e
 
S
N
R
 
i
m
p
r
o
v
e
m
e
n
t
 b
u
t
 

d
i
d
 
o
b
t
a
i
n
 
a
n
 
i
m
p
r
o
v
e
d
 d
y
n
a
m
i
c
 
r
a
n
g
e
.
 
I
t
 
i
s
 p
o
s
s
i
b
l
e
 
t
h
a
t
 
d
i
f
f
e
r
e
n
t
 
c
o
m
p
a
n
d
i
n
g
 
l
o
g
i
c
 m
a
y
 
y
i
e
l
d
 

P
 

h
,
 

a
n
 
i
m
p
r
o
v
e
m
e
n
t
 
i
n
 
S
N
R
.
 



Analog 
Input 
P 

Digital 
Output 

(a) 1-Bit and N-Bit Delta Modulation 

Analos 
In 

Quantizer 1 

1 companding 1 

Digital - 
Output 

(b) 1 l 3  cri.rr N-Bit Direct Feedback Modulator 

Aria log 

Quantizer ---+ Digital 
Output 

I 

I Predictor 
I 

(c) Predictive Quantization Modulator 

Fig. 4.1 Modulator Block Diagrams 



a  f i l t e r  network, t h e  two systems a r e  i d e n t i c a l ,  The imple- 

mentat ion of t h e  d e l t a  modulator would u s e  an analog f i l t e r  

whi le  t h e  implementation of a  p r e d i c t i v e  quan t i ze r  could a l s o  

u se  an analog p r e d i c t i v e  f i l t e r  w i t h  i t s  a t t e n d a n t  ana log  

de l ay  l i n e s ,  an  implementation of a p r e d i c t i v e  q u a n t i z e r  

might employ a  d i g i t a l  f i l t e r  w i th  d i g i t a l  de l ays ,  Shor t  

d e l a y s ,  such a s  r equ i r ed  f o r  p rev ious  element feedback,  could 

be  implemented wi th  d i g i t a l  d e l a y  l i n e s ;  longer de l ays ,  such 

a s  r equ i r ed  f o r  p rev ious  l i n e  and prev ious  frame feedback could 

be implemented wi th  u l t r a s o n i c  d i g i t a l  d e l a y  l i n e s .  Using 

c u r r e n t  technology,  fused  q u a r t z  o r  g l a s s  d e l a y  l i n e s  having 
5 10 b i t s / c u .  i n .  packing d e n s i t i e s  can b e b u i l t  a t  I00  M b / s  

b i t  r a t e s  [ S i t t i g  and Smits,  1969 S i t t i g ,  19681. I f  d i g i t a l  

de l ays  were used ,  t h e  D/A conve r t e r  could be  placed a t  t h e  

oukput of t h e  p r e d i c t i v e  network, i n s t e a d  of a t  t h e  i npu t ,  

I n  t h i s  even t ,  t h e  dynamic range of t h e  conve r t e r  would have 

t o  be  s u f f i c i e n t  t o  handle  t h e  f u l l  range of t h e  p r e d i c t o r  

output  i n s t e a d  of simply t h e  f u l l  range of t h e  quan t i ze r .  

Companding i s  shown f o r  a l l  systems a s  a  l o g i c  d e v i c e  which 

ope ra t e s  on t h e  D/A conve r t e r  and i s  c o n t r o l l e d  by  t h e  d i g i t a l  

? y i " - c i ~ ~ t ,  T h i s  eonf i g u r a t i o n  permi t s  t h e  s i g n a l  t o  be  recovered 

. l,~: r e c e i v e r  wi thout  an a u x i l i a r y  compander-control b i t  

:trearn being s e n t ,  B y  ope ra t ing  on t h e  D/A conve r t e r ,  t h e  

compander can change t h e  feedback s t e p  s i z e  on a  sample-by- 

sample b a s i s ,  By be ing  i n  p a r a l l e l  wi th  t h e  D/A c o n v e r t e r ,  

maximum speed can be achieved. 

The b lock  diagrams f o r  1-bit d e l t a  and d i r e c t  feedback 

modulators a r e  shown i n  Fig. 4 . 2 ,  I n  t h i s  f i g u r e  we a g a i n  

s ee  t h e  c l o s e  s i m i l a r i t y  between t h e  two systems a s  w e l l  a s  

t h e  s i ~ l i f i c a t i o n s  in t roduced by u t i l i z i n g  a  1-bit code. 
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The q u a n t i z e r  now reduces  t o  a  p o l a r i t y  s enso r ,  e ,g .  a  two- 

input  v o l t a g e  comparator,  and t h e  t r a n s m i t t e d  p u l s e  t r a i n  

can be  genera ted  by  us ing  t h e  comparator ou tpu t  t o  set a  

b i s t a b l e  c i r c u i t  a t  t ime i n t e r v a l s  determined by t h e  c l o c k  

r a t e ,  I n  t h e  convent iona l  d e l t a  modulator and d i r e c t  feed-  

back modulator,  t h e  p u l s e  t r a i n  i s  t h e n  f ed  back t o  t h e  input  

d i f f e r e n c i n g  c i r c u i t - t h r o u g h  t h e  feedback network f o r  t h e  

d e l t a  modulator,  o r  d i r e c t l y  f o r  t h e  d i r e c t  feedback modu- 

l a t o r ,  I n  t h e  companded modulators t h e  d i g i t a l  ou tpu t  i s  fed 

back t o  t h e  compander l o g i c ,  which g e n e r a t e s  a  s t e p  ampli tude 

and p o l a r i t y  based on t h e  p a s t  d i g i t a l  ou tpu t s  and t h e  p o l a r i t y  

of t h e  c u r r e n t  d i g i t a l  ou tpu t ,  The l o g i c  f o r  performing 

t h i s  i s  d i scussed  i n  Sec t ion  4.3, I t  should be  noted t h a t  

t ime de l ays  i n  performing t h e  l o g i c a l  ope ra t ions  i n  t h e  

companding network may r e q u i r e  t h e  i n s e r t i o n  of a  swi tch  be- 

f o r e  t h e  feedback network of t h e  d e l t a  modulator and t h e  feed  

forward network of t h e  d i r e c t  feedback modulator. The pur-  

poses  of t h e s e  swi tches  i s  t o  i s o l a t e  t h e  i n p u t s  of t h e  n e t -  

works du r ing  t r a n s i e n t  i n t e r v a l s ,  t h u s  i s o l a t i n g  them from in-  

c o r r e c t  feedback informat ion.  These swi tches  can be imple- 

mented from d iode  g a t e s  and o p e r a t i o n a l  a m p l i f i e r s .  

I n  o rder  f o r  t h e  companded systems t o  ope ra t e  p r o p e r l y ,  

t h e  d e l a y  i n  f eed ing  back a  s t e p  must be  l e s s  t han  one sampling 

i n t e r v a l .  The maximum sampling r a t e  w i l l  t h e r e f o r e  be  s t r o n g l y  

inf luenced by the  speed of t h e  companding l o g i c ,  and w i l l  be 

l e s s  t han  t h e  maximum b i t  r a t e  of a  cons t an t  s t e p ,  non- 

companded system. 

4.1.2 Demodulator Summary 

The b lock  diagram of t h e  demodulator f o r  a l l  of t h e  sys -  

tems of Fig.  4.1 i s  shown i n  F i g ,  4.3. The r e c o n s t r u c t i o n  

f i l t e r  w i l l  d i f f e r  f o r  each of t h e  systems,  b u t  t h e  remainder 

o f t h e  demodulatorwillbeunchanged, I n  anN-bi t  system, b o t h b i t  sync 

andword s y n c m u s t b e s u p p l i e d t o t h e D / A c o n v e r t e r , w h i l e w o ~ d  sync 

mus tbe  s u p p l i e d t o t h e c o n ~ p a n d e r  1ogic;word sync i s  r equ i r ed  f o r t h e p r o p e r  
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framing of t h e  d i g i t a l  s i g n a l  and t iming  of t h e  compander, whi le  b i t  

sync is r equ i r ed  f o r  synchronous o p e r a t i o n  of t h e  D/A c o n v e r t e r ,  

I n  a  1 b i t  system, word and sync a r e  t h e  same, a s  a l l  words a r e  

1 b i t  i g  leng th .  Synchronizat ion i s  s t i l l  requi red  f ~ r  ope ra t ion  

of t h e  compander l o g i c .  While t h e  D/A conve r t e r  is  no longer  

r equ i r ed ,  a  b i t  r e s t o r e r  might be inc luded  i n  order  t o  have w e l l  

de f ined  dig! t a l  pu l se s .  F i n a l l y ,  i f  t h e  system i s  a  1 b i t  system 

and companding is  no t  used,  no synchroniza t ion  is  r equ i r ed .  A s  we 

a r e  assuming t h e  ana log  s i g n a l  t o  b e  t h e  composite v ideo  s i g n a l ,  

l i n e  o r  frame synchroniza t ion  i s  no t  r equ i r ed  f o r  any of t h e  sys-  

tems, The r e c o n s t r u c t i o n  f i l t e r  f o r  t h e  d e l t a  demodulator i s  t h e  

same a s  t h e  feedback f i l t e r  of t h e  d e l t a  modulator. The recon- 

s t r u c t i o n  f i l t e r  f o r  t h e  d i r e c t  feedback demodulator can have a  

t r a n s f e r  f u n c t i o n  which i s  t h e  r e c i p r o c a l  of t h e  pre-emphasis 

f i l t e r  of t h e  d i r e c t  feedback modulator,  The r e c o n s t r u c t i o n  f i l t e r  

f o r  t h e  p r e d i c t i v e  q u a n t i z e r  demodulator i s  t h e  same a s  t h e  network 

wi th in  t h e  dashed box of Fig. 4 , 2 ( c ) .  

4 . 2  Siqnal-to-Noise R a t i o  and Samplinq Rate  

The maximum RMS video  s igna l - to -no ise  r a t i o s  f o r  t h e  modu- 

l a t i o n  systems a r e  given below, The s igna l - to -no ise  r a t i o s  a r e  

based on t h e  t r a n s m i t t e d  s i g n a l  be ing  a  4.5 MHz bandwidth composite 

v ideo  s i g n a l  f o r  monochrome t e l e v i s i a n .  The N - b i t  d e l t a  modulator 

performance i s  t aken  t o  be  t h e  same a s  t h a t  of a  p r e d i c t i v e  

quan t i ze r  when t h e  i npu t  is a  Markoff p rocess  wi th  0.97 c o r r e l a -  

t i o n  func t ion ,  The performance of t h e  p r e d i c t i v e  q u a n t i z e r  may 

be improved by about 2 t o  5 dB i f  p r ev ious  l i n e  and prev ious  frame 

p r e d i c t i o n  i s  used ,  The SNR f o r  o t h e r  s i g n a l s  can be  de r ived  by 

t h e  formulas of t h e  previous  c h a p t e r ,  



1 b i t  D e l t a  Modula t ion;  ( w i t h  o r  w i t h o u t  c o m p a n d i n g ) [ ~ b a t e , l 9 6 7 ]  

1 b i t  D i r e c t  Feedback Msdula t ion  [ ~ r a i n a r d  and Candy, 19691, 

[Bosworth and Candy, 19691 

S/N = 1 0  + 30 loglOR dB ( w i t h o u t  companding) 

= 15  + 30 loglOR dB ( w i t h  companding) 

3 b i t  Direct Feedback Modulat ion [Bra inard  and Candy, 19691 

S/N = 12 + 30 loglOR dB ( w i t h o u t  companding) 

= 17  + 30 loglOR dB ( w i t h  companding) 

N b i t  D e l t a  Modulat ion and P r e d i c t i v e  Q u a n t i z a t i o n  [OINeal ,  19661 

5.8 + 6N dB; sampl ing  a t  Nyquist 
assuming p = 0.97, 
N - > 3,  Markoff P rocess  

N b i t  PCM [ ~ ' ~ e a l ,  1 9 6 6 ] ( ~ o t e :  forPCM, S / N d o e s n o t d e p e n d o n  spect rum 

These e q u a t i o n s  a r e  p l o t t e d  a s  a f u n c t i o n  of r a t e  i n  F i g .  4.4. 

The d a t a  of F i g ,  4.4 f o r  a 4.5 MHz bandwidth t e l e v i s i o n  s i g n a l ,  

a r e  summarized i n  T a b l e  4-2, which shows t h e  r e q u i r e d  number of 

samples p e r  second a s  w e l l  a s  t h e  sampl ing  r a t e ,  R ,  r e q u i r e d  f o r  

a 28 dB s i g n a l - t o - n o i s e  r a t i o ,  

The d a t a  of  Tab le  4-2 i n d i c a t e  t h a t  t h e  d i r e c t  f eedback  

sys tems a re  s i g n i f i c a n t l y  s u p e r i o r  t o  a l l  of t h e  o t h e r  sys tems  

e x c e p t  t h e  N - b i t  d e l t a .  The d a t a  a l s o  show t h a t  t h e  companding 

of t h e  d i r e c t  f eedback  sys tems p r o v i d e s  a s i g n j  f i c a n t  performance 

improvement, However, t h e  improvement of a 3 -b i t  sys tem over  a 
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T a b l e  4-2 

B I T  RATES REQUIRED FOR 2 8  d B  RMS VIDEO SNR. 
COMMERCIAL MONOCHROME T V  S I G N A L ,  4.5 MHz V I D E O  BANDWIDTH 

B i t  R a t e  

S y s t e m  

1-bit D e l t a  

N - b i t  D e l t a  
and 
P r e d i c t i v e  Q u a n t i z e r  

1 b i t  D i r e c t  feedback 
w i t h o u t  c o m p a n d i n g  
w i t h  c o m p a n d i n g  

3 b i t  D i r e c t  feedback 
w i t h o u t  c o m p a n d i n g  
w i t h  c o m p a n d  i n g  

R  ( m u l t i 2 l e s  of B i t  s/sec 
N y q u i s t  r a t e )  ( 4 . 5  MHz T V )  



1 b i t  system i s  probably no t  g r e a t  enough t o  j u s t i f y  t h e  use  of a  

3-bi t  system, This  i s  e s p e c i a l l y  s o  when one cons ide r s  t h e  com- 

p l e x i t y  involved i n  b u i l d i n g  a  3  b i t  q u a n t i z e r ,  a s  w e l l  a s  t h e  

added requirement f o r  word synchroniza t ion .  Sim l a r l y ,  t h e  3  b i t  

d e l t a  may b e  s u f f i c i e n t l y  complex vis-a-vis  t h e  1 b i t  d i r e c t  feed-  

back system a s  t o  make i t s  c o n s i d e r a t i o n  unwarranted. 

4 . 3  Compand i n q  

I n  t h i s  s e c t i o n  we o u t l i n e  t h e  s t r u c t u r e  of  a  compander 

which can be  used wi th  t h e  v a r i o u s  feedback q u a n t i z a t i o n  sys-  

tems, While t h e  d i scuss ion  w i l l  be  o r i e n t e d  t ~ w a r d s  companding 

of one-bit  sys tems,  t h e  p r i n c i p l e s  can r e a d i l y  be  app l i ed  t o  

N-bit systems. Various companding techniques  have been i n t r o -  

duced i n  Chapter  3,  Of t h e s e ,  we cons ide r  t h e  c l a s s  of 

companders which change t h e  feedback s t e p  s i z e  i n  accordance 

wi th  t h e  p o l a r i t y  of t h e  rece ived  b i t  s tream a s  t h e  most 

promising. One of t h e  advantages of t h i s  technique i s  t h a t  

an g u x i l i a r y  b i t  stream i s  no t  r equ i r ed  t o  c a r r y  t h e  companding 

d a t a .  A second advantage is t h a t  high-speed d i g i t a l  t echniques  

can be  used t o  form t h e  feedback l e v e l s ,  Our d i scuss ion  w i l l  

t h e r e f o r e  be  of t h i s  c l a s s ,  

Various weight ing sequences have been used i n  t h e  p a s t ,  

Winkle r ' s  HIDM LWinkler, 19631 used an exponent ia l  weight ing 

of 1 , 1 , 2 , 4 , 8 , 1 6 ,  Bosworth and Candy [ ~ o s w o r t h  and Candy, 

19691, d i r e c t  feedback coder used 1 ,1 ,2 ,3 ,5 . , . 5 .  Abate  bate, 
19671 used bo th  l i n e a r  and exponen t i a l  s e r i e s  f o r  weights .  

These, and o t h e r s ,  can be  implemented by t h e  technique shown 

i p  F ig .  4.5, This  f i g u r e  shows a mechanization of t h e  corn- 

pander f o r  t h e  1 , 2 , 2 , 3 , 5 , . . 5  weights .  The ex tens ion  of t h i s  

t o  o t h e r  weigh ts  i s  s t r a igh t fo rward .  A f o u r  s t a g e  s h i f t  

r e g i s t e r  i sused  t o  s t o r e  t h e  f o u r  most r ecen t  d i g i t a l  t r a n s -  

miss$ons, Based on t h e i r  p o l a r i t i e s ,  two p o s s i b l e  feedback 

l e v e l s  a r e  s e t  up. These two l e v e l s  a r e  chosen from t h e  s e t  

125, 5 3 ,  5 2 ,  - +I]  according t o  t h e  t r u t h  t a b l e  shown i n  F i g ,  4.5, 



Fig, 4 . 5  Compander T e c h n i q u e  and  T r u t h  T a b l e  
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The choice  between t h e  p o s i t i v e  and nega t ive  feedback s i g n a l  

i s  based on t h e  p o l a r i t y  of t h e  next  d i g i t a l  t ransmiss ion ,  

I t  i s  noteworthy t h a t  t h e  e n t i r e  companding process  i s  a  cho ice  

between p r e s e t  v o l t a g e  l e v e l s ,  Thus it can b e  implemented by  

high-speed d i g i t a l  swi tching l o g i c .  Furthermore,  it can b e  

implemented i n  two s t a g e s ,  The f i r s t  s t a g e ,  t h e  s e t t i n g  up 

05: t h e  two feedback l e v e l s ,  can be  s t a r t e d  a s  soon a s  t h e  

ney b i t  t r ansmis s ion  occurs .  The second s t a g e ,  t h e  s e l e c t i o n  

between t h e  two feedback l e v e l s ,  i s  s t a r t e d  a s  soon a s  t h e  

p o l a r i t y  of t h e  succeeding t r a n s m i t t e d  s i g n a l  i s  known, 

The amount of companding is g iven  by t h e  r a t i o  of t h e  

l a r g e s t  t o  t h e  s m a l l e s t  s t e p  s i z e .  I n  t h i s  c a s e  t h e  r a t i o  i s  

5 ,  corresponding t o  14 dB of companding. Depending on t h e  

v a r i a t i o n  expected among t h e  c l a s s e s  of t r a n s m i t t e d  p i c t u r e s ,  

t h i s  may or  may no t  be  an adequate range. I f  a  wider range 

i s  r equ i r ed ,  it can be  achieved by  simply mul t i p ly ing  t h e  

weights by t h e  d e s i r e d  s c a l i n g  f a c t o r ,  

I t s h o u ' l d b e n o t e d t h a t t h o s e  l e v e l q e n e r a t i n q s y s t e m s w h i c h h a v e t h e  
s t r u c t u r e  given i n  Fig .  4.5 a r e  s p e c i a l  ca se s  of t h e  s t r u c t u r e  con- 

s ide red  by Fine [Fine, 19681. 

The purpose of mul t ip lex ing  is  t o  combine s e v e r a l  t e l e -  

v i s i o n  channels  o r  s e v e r a l  sequences of d i g i t a l  s i g n a l i n g  

elements i n  such a  way t h a t :  

(1) t h e  s e t  of sequences is  s u i t a b l e  f o r  subsequent 
t r ans fo rma t ion  i n t o  R F  by c a r r i e r  modulation,  and 

( 2 )  t h e  s e t  of sequences may be  sepa ra t ed  (demul t i -  
p lexed)  and t h e  r e c e i v e r  wi thout  undue c r o s s t a l k ,  

Mul t ip lex ing  can t h e r e f o r e  be  app l i ed  t o  e i t h e r  s e v e r a l  v ideo  

s i g n a l s  going i n t o  t h e  modulator,  o r  t o  t h e  d i g i t a l  ou tpu t s  of 

s e v e r a l  d i f f e r e n t  modulators. We w i l l  cons ider  bo th  of t h e s e  

techniques ,  

4,4,.1 Video Mult ip lexinq 

The two types  of mu l t i p l ex ing  which a r e  normally performed 

oii baseband d a t a  a r e  t ime d i v i s i o n  mul t i p l ex ing  (TDM) and f r e -  

quency d i v i s i o n  mul t i p l ex ing  ( F D M ) .  I n  TDM PCM i f  M s i g n a l s ,  
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each of  bandwidth W H z ,  a r e  t o  be t r a n s m i t t e d ,  t h e y  a r e  sampled 

s e q u e n t i a l l y  i n  t i m e  a t  a  r a t e  of 2W samples/sec.  I f  e a c h  

of t h e  samples  is encoded i n t o  a  N b i t  d i g i t a l  word, t h e  d i g i t a l  

d a t a  r a t e  i s  2NMM b i t s / s e c o n d .  The encoding is c o n v e n t i o n a l l y  

performed w i t h  a  zero-memory PCM encoder ,  T h i s  would c o r r e s -  

pond t o  t h e  b l o c k  d iagram of F i g .  4 , 2 ( a )  w i t h  t h e  feedback  l o o p  

opgned, I n  o r d e r  t o  u s e  TDM on t h e  i n p u t  t o  any  of t h e  f e e d -  

back modula to r s  which w e  a r e  c o n s i d e r i n g ,  it would be n e c e s s a r y  

t o  a l s o  m u l t i p l e x  t h e  p a r t s  of t h e  modula tor  which have  memory, 

T h i s  would be:  

( a )  t h e  f i l t e r  and companding l o g i c  of t h e  d e l t a  
modula tor  

( b )  t h e  i n t e g r a t o r  and companding l o g i c  of t h e  
d i r e c t  f eedback  modula tor  

( c )  t h e  d e l a y  p o r t i o n s  of t h e  p r e d i c t o r  loop  
and t h e  companding l o g i c  f o r  t h e  p r e d i c t i v e  
q u a n t  i z a t  ion  modula to r ,  

TDM on t h e  i n p u t  i s  t h u s  a  p r a c t i c a l  t e c h n i q u e  a t  low d a t a  

r a t e s ,  and becomes i n c r e a s i n g l y  more d i f f i c u l t  a s  t h e  d a t a  

r a t e  i n c r e a s e s ,  

I n  FDM t h e  baseband s i g n a l s  a r e  s h i f t e d  i n  f r e q u e n c y  r e l a -  

t i v e  t o  each o t h e r ,  s o  t h a t  t h e  M s i g n a l s  occupy a baseband 

of  MW Hz, If t h i s  composi te  s i g n a l  i s  t o  be s e n t  b y  N - b i t  

PCM, it is sampled a t  a  2 MW r a t e ,  a g a i n  r e s u l t i n g  i n  2NMW 

b i t s / s e c o n d ,  With a  zero-memory encoder  t h i s  r e s u l t s  i n  a  

s i g n a l  which can  b e  recovered  a t  t h e  r e c e i v e r .  However t h e  

f i l t e r  c h a r a c t e r i s t i c s  of t h e  feedback modula to r s  which w e  

a r e  c o n s i d e r i n g  would a f f e c t  each of t h e  s h i f t e d  baseband 

s i g n a l s  i n  a  d i f f e r e n t  manner i f  FDM were used t o  m u l t i p l e x  

t h e  i n p u t  t o  a feedback modula tor .  Due t o  t h e  non- l inea r  

n a t u r e  of t h e  modula t ions ,  it would be n e c e s s a r y  t o  e x p e r i -  

m e n t a l l y  d e t e r m i n e  t h e  q u a l i t y  of t h e  r e s u l t i n g  v i d e o  s i g n a l s ,  

It might b e  e x p e c t e d ,  however, t h a t  t h e  q u a l i t y  of t h e  p i c -  

t u r e s  would be degraded.  



4 - 4  - 2  D i q i t a l  Mul t ip lex inq  

From t h e  d i s c u s s i o n  of Sec t ion  4.4-1 one is l ed  t o  t h e  

conc lus ion  t h a t  probably t h e  most p r a c t i c a l  means of m u l t i -  

p l ex ing  s e v e r a l  feedback modulators is  t o  ope ra t e  on t h e i r  

output  b i t  s t reams.  This  can be  done i n  s e v e r a l  ways, One 

method is t o  t ime d i v i s i o n  m u l t i p l e x  t h e i r  r e s p e c t i v e  b i t  

s t reams,  The r e s u l t i n g  b i t  r a t e  is  M t imes t h e  b i t  r a t e  f o r  

each modulator.  The mul t ip lexed d i g i t a l  da t a  stream can t h e n  

be  used t o  modulate an R F  c a r r i e r  by any of t h e  convent iona l  

means, e.g.,  f requency o r  phase modulation.  A second p o s s i b i l i t y  

i s  t o  is t o  f requency d i v i s i o n  m u l t i p l e x  t h e  video s i g n a l s ,  and 

use  t h e  composite da t a  stream t o  modulate a  c a r r i e r .  If frequency 

m ~ d u l a t i o n  i s  used,  t h e  r e s u l t  i s  t h e  f a m i l i a r  FDM/FM. A t h i r d  

form of mu l t i p l ex ing  which can be  employed is  s u b c a r r i e r  modula- 

t i o n ,  which is  analogous t o  FDM. I n  t h i s  technique,  each of t h e  

d i g  t a l  modulator ou tpu t s  is used t o  f requency or  phase modulate 

a  s u b c a r r i e r  o s c i l l a t o r ,  The s e p a r a t e  o s c i l l a t o r  o u t p u t s  a r e  then  

comb ned and used t o  modulate an RF c a r r i e r ,  which i s  t h e  f i n a l  

t r a n s m i t t e d  s i g n a l .  Frequency modulation i s  commonly used on t h e  

f i n a l  s i g n a l  a s  w e l l ,  r e s u l t i n g  i n  an FM/FM system, 

The d i g i t a l  mu l t i p l ex ing  techniques  should be  capable  

of ope ra t ing  a t  h igher  r a t e s  t han  t h e  v ideo  mul t ip l ex ing  tech-  

n iques ,  a s  t h e r e  is  no requirement of swi tch ing  energy s t o r i n g  

networks. The TDM technique is s imply t h e  problem of g e n e r a t i n g  

a  s h o r t  sampling p u l s e ,  whi le  t h e  FDM/FM and FM-FM modulation tech- 

niques  pose no d i f f i c u l t  hardware problems assuming t h a t  modu- 

l a t ~ r s  wi th  t h e  requi red  bandwidth a r e  r equ i r ed ,  

4.4-3 Demultiplexinq Synchronizat ion 

The demul t ip lex ing  of t h e  d i g i t a l  da t a  poses no synchroni-  

zakion problems i f  FDM o r  s u b c a r r i e r  mu l t i p l ex ing  techniques  

a r e  used,  This  is s o  because t h e  s i g n a l s  a r e  combined i n  t h e  

f requency domain, where s i g n a l  s e p a r a t i o n  can be performed by  

f requency t r a n s l a t i o n  f i l t e r i n g ,  and f requency s e l e c t i v e  de- 

modulators ,  Once t h e  s i g n a l s  a r e  demodulated, however, t h e  
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a p p r o p r i a t e  b i t  and word synchroniza t ions  must be  e s t a b l i s h e d  

i f  t hey  a r e  r equ i r ed  f o r  proper v ideo  demodulator ope ra t ion ,  

A s  we have shown p rev ious ly ,  a  b i n a r y  demodulator wi thout  

companding r e q u i r e s  no synchroniza t ion ,  a  b i n a r y  demodulator 

wi th  companding r e q u i r e s  b i t  synch ron iza t ion ,  whi le  a  M'ary 

demodulator wi th  o r  wi thout  companding r e q u i r e s  bo th  b i t  and 

wprd synchroniza t ion ,  

I f  TDM i s  u t i l i z e d ,  means must be provided f o r  s e p a r a t i n g  

t h e  d i g i t a l  d a t a  s t reams and i d e n t i f y i n g  t h e i r  r e s p e c t i v e  

analog sou rces ,  Assuming t h a t  b i t  synchroniza t ion  e x i s t s ,  

t h i s  can be performed by i n t e r l e a v i n g  a  low d a t a  r a t e  framing 

sequence a long wi th  t h e  d e s i r e d  t e l e v i s i o n  d a t a ,  Recogni t ion 

of t h e  framing sequence w i l l  a l low t h e  channels  t o  be  s epa ra t ed .  

No s e p a r a t e  s i g n a l s  a r e  requi red  t o  provide l i n e  and f i e l d  

synchroniza t ion  of t h e  t e l e v i s i o n  s i g n a l ,  a s  t h e  input  t o  t h e  

modulator i s  t h e  composite v ideo  s i g n a l ,  which is made up of 

t h e  p i c t u r e  v ideo  p l u s  t h e  synchroniza t ion  waveforms. 

4.4.4 Color Te lev i s ion  Mul t ip lex inq  

The mul t ip l ex ing  of c o l o r  p i c t u r e s  p r e s e n t s  a  s e p a r a t e ,  

and i n t e r e s t i n g  problem. The p i c t u r e  i n  c o l o r  t e l e v i s i o n  i s  

conven t iona l ly  def ined  i n  terms of t h r e e  primary s i g n a l s ,  E~ ' 
E G 2  EB,  t h e  r e d ,  green and b l u e  p r imar i e s .  The luminance s i g n a l ,  

E i s  der ived  from t h e s e  by  the  t ransformat ion :  
Y '  

The chrominance s i g n a l s ,  EI  and E a r e  def ined  as :  
Q 

Thus, g iven luminance and chrominance, t h e  t h r e e  p r imar i e s  can 

b e  un ique ly  recovered by l i n e a r  t r ans fo rma t ions .  I n  Uni ted 

S t a t e s  c o i o r  t e l e v i s i o n ,  t h e  luminance has  a f u l l  4.5 MHz band- 

width ,  whi le  E I  i s  bandl imited t o  1.5 MHz and EQ t o  0.5 MHz. 
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In forming the final transmitted signal, E E and ER 
Y' 1 

are gamma corrected, the resulting chrominance signals are 

used as the in-phase and quadrature modulations for a quad- 

rature RM signal, and the resulting signal is interleaved with 

the luminance signal to form a low-visibility pattern, 

The operations described above are another form of mul- 

tiplexing. In transmitting a color television signal via feed- 

back quantization, one could consider at least three techniques. 

These are: 

(a) Transmit the red, blue and green signals, each 
over separate channels, and each at full band- 
width, This would require three times the bit 
rate of a single monochrome channel. 

(b) Form the band-limited, gamma-corrected in- 
phase and quadrature chrominance signals of 
bandwidths 0.5 and 1.5 MHz respectively. 
Transmit the luminance and the two chrominance 
signals as multiplexed video signals. This 
would require 1.45 times the bandwidth of a 
simple monochrome channel. 

(c) Form the standardized composite color picture 
signal and transmit it with no modifications. 

Method (c) should require the lowest bandwidth if no signi- 

ficant distortions of the color information are introduced by 

the feedback quantization process. If distortions are introduced, 

a higher sampling rate than is required for monochrome trans- 

mission will be required, In this case, method (b) might prove 

to be a competitive technique. Method (a) is in all likelihood 

non-competitive, although it potentially provides the highest 

color fidelity, To our knowledge, studies of feedback quantizer 

modulation of color television has not been reported in the 

literature. The field is worthy of study, Obviously, many other 

techniquesof color coding and color multiplexing can be devised, 

Inparticular, recent work by Gronemann [Gronemann, 19693, which 



i n d i c a t e s  t h a t  t h e  c o l o r  con ten t  of a  p i c t u r e  may be l e s s  t han  

1 b i t  pe r  e lement ,  i n d i c a t e s  t h a t  d i g i t a l  c o l o r  t e l e v i s i o n  

should b e  achieved wi th  e s s e n t i a l l y  t h e  same b i t  r a t e  a s  mono- 

chrome t e l e v i s i o n .  

4.5 Transmission Rates  

I n  t h i s  s e c t i o n  we cons ider  t h e  t iming  necessary f o r  opera- 

t i o n  of one-bi t  d e l t a  modulators and d i r e c t  feedback modulators ,  

and show t h e  f a c t o r s  which determine t h e  maximum b i t  r a t e ,  For 

t h i s  d i s c u s s i o n  we r e f e r  t o  F igs ,  4.2 and 4 -5 ,  and t h e i r  r e l a t e d  

d i scuss ions .  The t iming  cyc l e  of a  d i r e c t  feedback modulator can 

b e  broken down i n t o  two d i s t i n c t  t ime-sequent ia l  phases.  These 

a r e ;  

Phase 1 

. Feed forward swi tch  c losed  

. I n t e g r a t i o n  performed i n  f eed  forward network 

* Curren t  t r ansmi t t ed  s i g n a l  s t o r e d  a t  s t ep -con t ro l  
l o g i c  i npu t  

Phase 2  

Feed forward network switch opened 

Companding r e g i s t e r s  s h i f t e d  

New t h r e s h o l d  dec i s ion  made 

S tep  gene ra to r  l o g i c  s e t s  nex t  feedback s t e p ,  

Under i d e a l  c i rcumstances ,  Phase 1 should use  t h e  e n t i r e  

i n t e r p u l s e  pe r iod ,  wi th  Phase 2  t a k i n g  z e r o  time. However, t h e  

shifting i n  t h e  s t o r a g e  r e g i s t e r s ,  s e t t i n g  of t h e  t h r e s h o l d s  and 

t h e  t h r e s h o l d  d e c i s i o n  each t a k e  a  non-zero amount of t i m e ,  a s  do 

t h e  opening and c l o s i n g  of t h e  feed forward switch,  t h e  swi tch ing  

between t h e  p o s i t i v e  and nega t ive  s t e p ,  and t h e  l o g i c a l  d e c i s i o n s  

neces sa ry  f 3 r  t h e  s e t t i n g  up of t h e  two p o s s i b l e  s t e p  ampli tudes .  

Using c u r r e n t l y  a v a i l a b l e  components, it i s  e s t ima ted  t h a t  a  

swi tch can be  b u i l t  which w i l l  change s t a t  i n  about 2 n s ,  Opera- 

t i o p a l  a m p l i f i e r s  such a s  would be  used i n  t h e  input  c i r c u i t ,  t h e  



q u a n t i z e r ,  and t h e  feed-forward i n t e g r a t o r  a r e  now a v a i l a b l e  

wi th  s i m i l a r  d e l a y s ,  Even u t i l i z i n g  h igh  speed l o g i c  c i r c u i t s ,  

t h e  companding r e g i s t e r  s h i f t i n g  and a s s o c i a t e d  l o g i c a l  opera- 

t i o n s  would probably t a k e  t h e  order  of 10 ns. Thus t h e r e  a r e  

b a s i c  loop propaga t ion  times i n  t h e  o rde r  of 15 ns ,  which i n d i c a t e  

a  maximum b i t  r a t e  of t h e  order  of 67 Mbps f o r  a  companded sys-  

tem. It is l i k e l y  t h a t  o t h e r  c o n s i d e r a t i o n s  would lower t h e  

qaximum r a t e ,  s o  a  more conse rva t ive  l i m i t  would be  50 Mbps, 

This  i s  a  s u f f i c i e n t l y  high r a t e  f o r  a  4.5 MHz s i g n a l  t o  be 

t r ansmi t t ed  by d e l t a  modulation, o r  a  9 MHz s i g n a l  t o  be  t r a n s -  

mi t t ed  b y  a  d i r e c t  feedback modulator,  I n  p r i n c i p l e ,  s t i l l  

h igher  b i t  r a t e s  a r e  p o s s i b l e  if p a r a l l e l  companding l o g i c  i s  

provided,  s o  t h a t  Phase 2 can be  performed i n  p a r a l l e l  w i t h  

Phase 2 ,  The l i m i t i n g  case  would ach ieve  t h e  same b i t  r a t e  a s  

an uncompanded system, which i s  e s t ima ted  t o  b e  t heo rde r  of 100 Mbps. 



Appendix A 

NEW TECHNOLOGY 

After a diligent review of the work performed under this con- 

tract, no new innovation, discovery, improvement or invention was 

made. 



Appendix B 

EQUIVALENCE OF DIRECT FEEDBACK AND 
CONVENTION DELTA-MODULATOR STRUCTURES 

T h e  purpose of t h i s  Appendix i s  t o  show tha t  the Direct 

Feedback modulator, which i s  i l l u s t r a t e d  i n  Fig. A l ,  can be 

made equivalent to  a conventional delta-modulator (Fig. ~ 2 )  

by appropriate selection of the f i l t e r s  Hi and H2.  

I n  reference t o  Fig. A l ,  l e t  x be the modulator input, y be 

t h e m o d u l a t o r o u t p u t a n d z t h e i n p u t t o t h e f i l t e r H 2 .  Wecanwrite 

where H x denotes the output of f i l t e r  H with x a s  input. 
1 1 

Referring now to Fig. A3, the  input t o  f i l t e r  H 2  i s  given 

by 

where H-I i s  the  inverse f i l t e r  of H 
l 1' 

This can be written a s  

z = H  x - y  
1 

which i s  the same as  tha t  obtained from the d i rec t  feedback model. 

I f  we now s e t  

-1 H1 = H 2  = H3 

the s t ructure  given i n  Fig. A3 collapses t o  tha t  shown i n  Fig. A 2 .  



F i g .  A l .  Direct Feedback  

F i g .  A2. C o n v e n t i o n a l  

F i g .  A 3 .  
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